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preface 


This volume is one of a series designed specifically to teach elec- 
tricity. The series is logically organized to fit the learning process. 
Each volume covers a given area of knowledge, which in itself is com- 
plete, but also prepares the student for the ensuing volumes. Within 
each volume, the topics are taught in incremental steps and each topic 
treatment prepares the student for the next topic. Only one discrete 
topic or concept is examined on a page, and each page carries an illus- 
tration that graphically depicts the topic being covered. AS a result of 
this treatment, neither the text nor the illustrations are relied on solely . 
as a teaching medium for any given topic. Both are given for every 
topic, so that the illustrations not only complement but reinforce the 
text. In addition, to further aid the student in retaining what he has 
learned, the important points are summarized in text form on the 
illustration. This unique treatment allows the book to be used as a con- 
venient review text. Color is used-not for decorative purposes, but to 
accent important points and make the illustrations meaningful. 

In keeping with good teaching practice, all technical terms are defined 
at their point of introduction so that the student can proceed with con- 
fidence. And, to facilitate matters for both the student and the teacher; 
key words for each topic are made conspicuous by the use of italics. 
Major points covered in prior topics are often reiterated in later topics 
for purposes of retention. This allows not only the smooth transition 
from topic to topic, but the reinforcement of prior knowledge just before 
the declining point of one's memory curve. At the end of each group 
of topics comprising a lesson, a summary of the facts is given, together 
with an appropriate set of review questions, so that the student himself 
can determine how well he is learning as he proceeds through the book. 

Much of the credit for the development of this series belongs to 
various members of the excellent team of authors, editors, and tech- 
nical consultants assembled by the publisher. Special acknowledgment 
of the contributions of the following individuals is most appropriate: 
Frank T. Egan, Jack Greenfield, and Warren W. Yates, principal con- 
tributors; Peter J. Zurita, Steven Barbash, Solomon Flam, and A. Victor 
Schwarz, of the publisher's staff; Paul J. Barotta, Director of the Union 
Technical Institute; Albert J. Marcareli, Technical Director of the 
Connecticut School of Electronics; Howard Bierman, Editor of Electronic 
Design; E. E. Grazda, Editorial Director of Electronic Design; and 

\ Irving Lopatin, Editorial Director of the Hayden Book Companies. 


Harry MILEAF 
Editor-in-Chief 
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what is alternating current? 


In Volume 1, electric current was described as the movement of 
free electrons in a conductor that is connected between a difference of 
potential. The current flows as long as the difference of potential is 
present. If the polarity of the potential difference never changes, the 
current always flows in one direction and is called direct, or d-c current. 
D-c current and d-c circuits were described in detail in Volume 2. 

There is a type of electric current that does not always flow in the 
same direction. Instead, it alternates, flowing first in one direction, and 
then reversing and flowing in the other. This type of current is called 


alternating, ar a-c current. 


Unlike d-c current, which always flows in 
the same direction, a-c current periodically 
changes its direction 


D-C CIRCUIT 
A-c current flows in one direction, It reverses and flows in the 
then... other direction 


A-C CIRCUIT 


Since, in any circuit, current flows from the negative terminal of 
the power source to the positive terminal, it is obvious that for a-c cur- 
rent to flow, the polarity of the power source must alternate, or change 
direction. Power sources that do this are called a-c power sources. Cir- 
cuits that use a-c power sources, and that therefore have ac current 
flowing in them, are called a-c circuits. Similarly, the power consumed 
in an a-c circuit is a-c power. 


n 
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Current always flows through 
the resistor from A to B 


Current always flows through 
the resistor from B to A 


Current first flows through the 
resistor from A to B, then from 
B to A; etc. 


Heat is developed in this resistor regardless of the direction in which the current flows. Alter- 
nating current, therefore, has the same effect on the resistor as does direct current 


is alternating current useful? 


When you are first introduced to alternating current you may wonder 
whether it can be put to any practical use. Since it reverses in direction, 
it may seem that anything it would do while flowing in one direction, 
it would undo when it reversed and flowed in the opposite direction. 
This is not the case, however. 

In a circuit, the flowing electrons themselves do not do any useful 
work. It.is the effects they have on the loads they flow through that 
are important. And these effects are the same regardless of the direc- 
tion of the current. For example, when current flows through a re- 
sistance, heat is always produced. It makes no difference whether the 
current is always in one direction, always in the opposite direction, 
or sometimes in one direction and sometimes in the other. 
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Direct current was the first source of electric power to be widely 
used, But as more became known about the characteristics of alter- 
nating current, it gradually replaced dc as the primary source of electric 
power in use. Today about 90 percent of -all the electric power con- 


sumed through the world is ac. In the United States, this percentage 


is even higher.'There are some sections in our older cities where the 
electric power .is still dc. These sections, though, are gradually being 
changed to ac. í 

What are the reasons for this changeover? Why should nine times 
as much a-c power be used as dc? Basically, there are two reasons for 
it. One is that, for the most part, ac can do everything that dc can, and 
in addition, can be sent from the point where it is produced to the 
point where it will be used more easily and cheaply than dc can. The 
second reason for the widespread use of ac is the fact that it can do 
certain things and be used for certain applications for which dc is 
unsuited. 4 ; 

You should not get the impression that dc will soon be obsolete and 
all electricity used will be ac. There are many applications, particularly 
inside of electrical equipment, where only dc can perform the desired 


function. 


Ei 


Practically all of the electricity used today is ac 


There ate two reasons for this: 


1. It is cheaper for the power companies 
to Brodite and distribute ac to their 


customers 
2. Acis more versatile than dc m 


en — @~ za ed A "s 
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Electric power stations cannot be built near every The electric power the stations produce, then, 
home, factory, and farm. They must usually be has to be sent long distances to the users. Large 
located near the available sources of natural power losses result if dc is sent over long dis- 
energy, such as large rivers tances. With ac, these losses are greatly reduced 


Power Station 


In an ideal electric circuit, all of the energy produced by the power 
source would be converted by the load into some useful form, such as 
light or heat. In practice, though, it is impossible to build an ideal cir- 
cuit. Some of the energy from the power source is used in the circuit 
interconnecting wires, and some is also used within the power source 
itself. This use of energy outside of the load represents wasted energy 
or wasted power, and so should be kept as small as possible. Most of 
this power loss is in the form of the heat generated when the circuit 
current flows through the resistance of the wiring and the internal 
resistance of the source. 

You probably remember from Volume 2 that these resistances are 
usually very low, and the power losses are, therefore, very small. An 
important exception to this, though, is when the wiring between the 
source and the load is very long, such as is the case in the trans- 
mission of electric power from the power stations to the users. These 
electric power lines, with which you are undoubtedly familiar, can be 
hundreds of miles long. And even large-diameter, copper wire, which 
has a very low resistance for 1000 feet, has a considerable amount of 
total resistance if hundreds of miles of it are used. Silver wire, which 
has the lowest resistance of all, could be used, but it would not lower 
the total resistance significantly, and would cost too much. 

How, then, can large amounts of electric power be sent over long 
distances without large losses along the transmission lines? With de, 
this cannot be done. But with ac, it is relatively easy. 
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transmission power loss 


In the transmission of electric power, a portion of the power is con- 
verted into heat along the length of the transmission line. From Volume 
2, you should recall that this heat loss is directly proportional to the 
resistance and to the square of the current. This is shown by the formula 
for power loss: 

; P=PR 
The heat, or power loss (P) can thus be reduced by lowering either the 
current (I) carried by the transmission line, the resistance (R) of the 
wire, or both, However, the resistance has much less effect on the 
power loss than the current because the current is “squared.” 


In the transmission of a-c power, the current carried 
by the transmission line is relatively small 


Transmission Wiring to Homes, 
Line ie 


Generating 
Station 


At the end of the transmission line, this small current 
is converted to the large currents required by the. 
users of power. This keeps the 12R (power) losses low 
in the transmission lines 


If the resistance was doubled, the power loss would double; but if 
the current is doubled, the power loss would be quadrupled. So the 
best way to reduce the power losses is to lower the current. But large 
currents are required by the users of the electric power at the end of 
the transmission line. What is needed, then, is a method of having low 
currents in the transmission line, but large currents available at the 
end of the line. This is possible with a-c power, Relatively low currents 
are sent along the transmission lines, and when they reach the point 
where they are to be used, they are converted to high currents. 
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transmission of a-c power 


It may seem unreasonable that electric power can be transmitied 
with low current in the transmission line, and yet at the end of the 
line, the power is available with a high.current. To understand this, you 
should recall the voltage-current equation for electric power: i 


y P=EI 
You can see from this equation that the identical power (P) can be 
produced by many combinations of currents (I) and voltages (E). For 
example, you can get 1000 watts of power from a voltage of 100 volts 


and a current of 10 amperes, from a voltage of 200 volts and a current 
of 5 amperes, or from à voltage of 1000 volts and a current of 1 ampere. 


R= EI 


1 Volt-100 Amperes 


50 Volts-2 Amperes 


100 10 Volts-10 Amperes 100 


Transforme t 
Watts ns r 20 Volts-5 Amperes Watts 


100 Volts-1 Ampere 


A-c power can be converted to various combinations of voltage and current. The value of the 
power after the conversion is the same as its value before conversion, since P = EI 


A million watts of power can, therefore, be sent over a transmission 
line in many ways. It could be sent at a voltage of 1000 volts, in which 
case the current would then be 1000 amperes, and the power loss 
along the line would be very high. Or it could be sent at a voltage of 
100,000 volts with a current of only 10 amperes, and the power loss 
would be much less. At the end of the transmission line, the transmitted 
combination of voltage and current can then be converted to any other 
combination of voltage and current that produces a total of a million 
watts. 

The devices used to convert a c power from one combination of 
voltage and current and ayother are called transformers. They will be 
examined later in this volume. 
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Electrical communications as we know it today 
is based on the characteristics of ac 


The fact that it can be sent over long transmission lines cheaply and 
easily is not the only advantage that ac has over dc. Ac has other . 
characteristics that dc does not have which make it ideally suited for 
certain uses, One of these characteristics is the fact that it varies in 
yalue, or magnitude. It does not rise immediately to a maximum value 
and stay at that value until-the circuit is opened, as dc does. This 
changing level is similar to the way the level of sound waves in the 
air change, Thus, in the field of electrical communications, ac is used 
to reproduce and transmit sound electrically. 

Another important characteristic of ac is the fact that electrical energy 
radiates from any circuit in which alternating current is flowing. This 
characteristic is the basis of radio communications, and is widely used 


in the field of electronics. d 
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the a-c power source 


The purpose of any electric power source is to provide a voltage, or 
difference of potential, between its output terminals, and to maintain 
this voltage when the circuit is closed and current flows. In d-c power 
sources, the polarity of the output voltage never changes. One terminal 
is always negative, and the other is always positive. Therefore, the 
circuit current is always in the same direction; from the negative 
terminal of the source, through the load, and back to the positive 
terminal of the source. A-c sources, on the other hand, constantly 
change polarity. At any instant, one terminal is negative and the other 
one is positive. At some later instant, the terminal that was negative 
becomes positive, and the one that was positive becomes negative. This 
reversal in polarity is continuous, and each time it happens, the circuit 
current changes direction, since it must always flow from the negative 
to the positive terminal. 


A-c power sources are called a-c generators, or alternators. 


instant 3 


instant 4 


The polarity of a-c power sources changes continuously. Each time the polarity 
reverses, the circuit current also changes direction 
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a simple a-c generator 


A-c generators combine physical motion and magnetism to produce 
an ac voltage. You learned from Volume 1 that if a conductor is 
moved through a magnetic field in such a way that it passes through 
the flux lines, a force is applied to the free electrons in the conductor, 
causing them to move. Since the force thus causes current flow, it 
can be considered an emf, or a voltage. This is the basic principle on 
which a-c generators work. à 

The simplest type of a-c generator is shown. It consists of a single 
loop of wire, which is placed between the poles of a permanent magnet 
and made to rotate. As the loop rotates, it passes through, or cuts, the 
magnetic lines of force, and a voltage is developed. In a practical gen- 
erator, this loop is actually a series of loops contained on a rotor or an 


armature. 


Magnet 


As the coil of an a-c generator rotates, 
a voltage is generated that appears 
across the ends of the coil. This 
voltage is transferred to an extemal 
circuit by slip rings and brushes 


The voltage produced exists between the two ends of the loop. Slip 
rings and brushes are used to apply the voltage to an external circuit. 
The slip rings are smooth rings made of conducting material. One ring 
is connected to each end of the loop, and both rings rotate as the loop 
rotates. The output voltage of the generator thus exists between the 
two slip rings. The brushes are in contact with the slip rings, one brush 
for each ring. The brushes do not move, but stay in contact with 
the slip rings by sliding along their surface as they rotate. In this way, 
the output voltage of the generator is between the brushes and can 
easily be applied to à circuit. 

You can see from the description that something must turn the 
loop for the generator to work. This "something" could be flowing 
water, a gasoline engine, steam created by burning coal, or even steam 


produced by a nuclear reactor. 
A-c generators are covered in detail in Volume 6. 


3-10 SUMMARY AND REVIEW QUESTIONS 
summary 


O Alternating current flows first in one direction, and then reverses and flows 
in the other. O A-c power sources cause a-c current to flow. Circuits that 
use a-c power sources are called a-c circuits, and the power consumed by them 
is a-c power. C Ninety percent of all electric power consumed throughout the 
world is ac. 


O There are two basic reasons why ac is used: it can be transmitted more easily 
and cheaply than can dc; and it can do certain things and be used for certain 
applications for which dc is unsuited. O Heat generated in transmission lines 
is wasted power. D The transmission of a-c power at a relatively low current 
keeps power losses to a minimum. 1) The same power level can be Produced 
by many combinations of voltage and current. 


l 


LJ Electrical energy radiates from any circuit in which alternating current flows. 
This is the basis of radio communications. O A-c power sources are called 
a-c generators or alternators. Q The simplest type of a-c generator consists 
of a single loop of wire placed between the poles of a magnet and made to 
rotate. The cutting of magnetic lines of force develops a voltage. O A rotating 
series of loops is called a rotor, or an armature. [] Slip rings and brushes are 
'used to apply the output voltage from a generator to an external circuit. 


review questions 


- What is a-c current? D-c current? 


- Is d-c electric power still used in the United States? 
- What is meant by power losses? 
. How can power losses be minimized? 


- What is the effect on the power loss if the resistance of a 
transmission line is doubled? 


- What is the effect on the power loss if the current through a 


‘transmission line is doubled 


. What device is used to convert a-c power from one combina- 
tion of voltage and current to another? Why is it used? 

. What are a-c power sources called? 

. What are slip rings and brushes? 

. Which would produce the greater power loss: the transmis- 


sion of power at 100 volts and a current of 10 amperes, or 
at 200 volts and 5 amperes? 
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1/360th the Circumference 
f the Circle 


In an entire circle, 
therefore, there are 
360 degrees 


- M One degrée is the 

~ ay angle enclosed by 
1/360th of the cir- 
cumference of the 
circle 


If an object starts at this 
point, the reference point 
1/4 Revolution = 90° 


And travels to this point, it 


1/2 Revolution = 180° 
has rotated 90° from the 
reference point 3/4 Revolution = 270° 
If it then rotates to this 
point, it has rotated 180° ¥ 
1 Revolution = 360° 


If it rotates further to this 
point, it has rotated 270° 


If it then continues back to 
the reference point, it has 
rotated 360° 


angular motion 


The loop of wire in the simple generator that was described on page 
3-9 rotated within the magnetic field. And, as you know, rotation is 
movement in a circle, such as the turning of an airplane propeller. 
You will find later that it is often necessary to talk about the voltage 
that results from each position of the loop of wire as it rotates. To do 
this, you have to understand angular motion and the way it is ex- 
pressed, 

Angular motion is motion in a circle. It is usually described by’ 
dividing the circumference of a circle into 360 equal lengths. If lines ` 
are drawn from the ends of any one of these lengths. to the center of 
the, circle, the distance between the lines is called 1 degree. Since this 
can be done for each of the 360 equal lengths, there are 360 degrees 

-in the circle. A line from the circumference of the circle to the center 
is called a radius. And so the distance between any two radii of a circle 
is measured in degrees. This distance is always measured in a counter- 
clockwise direction from one radius to the other. In practical use,, 

: ds to the body or object that is rotating. The other 


one radius correspon ^ 
radius is a reference point from which the position of the first radius 


is measured. 
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a-c waveforms 


Very often, it is useful to know how a current or voltage changes 
with time. The easiest way to do this, and a way that gives a picture 
representation of the current or voltage, is to construct a waveform 
on graph paper. A waveform shows the magnitude and direction of 
the current or voltage at every instant of time. To make a waveform, 
you label the two axes as shown. One axis, usually the vertical one, 
is the current or voltage axis, and is divided into suitable divisions of 
current or voltage. The other axis is usually the time axis, and is di- 
vided into suitable divisions of time, such as seconds. With the axes 
labeled, you then plot the current or voltage at each unit of time as a 
dot on the graph. And when all of the dots are connected by a continu- 
ous line, the resulting figure is the waveform. 


3 
2 


1 
Waveforms can be plotted for 
either current or voltage. They 
1 2 3 6 Show how the current or voltage 
-1 Seconds varies with time 


Current or Voltage 
2 


When you are dealing with a-c power sources, you may be inter- 
ested in knowing how the output voltage of a generator varies as the 
position of the armature changes during its rotation. In this case, 
instead of labeling the horizontal «xis in units of time, you would di- 
vide it into degrees of rotation. The waveshape would then show the 
magnitude and polarity of the voltage for each position of the armature. 


For a-c power sources, waveforms 
can also show how the output 
voltage varies with the position of 
the generator armature 


45° 90° 135° 225° 270° 315° 
Degree of Rotation 


Current or Voltage 
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a-c vs. d-c waveforms 


The polarity and magnitude of a d-c current or voltage never change. 
Therefore, the waveform of a 2-volt d-c voltage would be a straight 
line. - 

An a-c current or voltage changes in both magnitude and polarity. 
This can be seen from the waveform of an a-c current. Where the wave- 
form is above the zero current line, the current is flowing in one direc- 
tion, which is called the positive direction in this case. Where the 


Voltage (Volts) 


Time (Seconds) 


waveform is below the zero current line, as shown in color, the current 
has reversed and is flowing in the opposite direction. You can see that 
the current represented by the waveform first flowed in one direction, 
then reversed and flowed in the other direction, and started to reverse 


again, all within 8 seconds time. 


Current (Amperes) 


Time (Seconds) 


The distance from any point on the waveform to the time axis is 
the magnitude of the current at that point in time. Thus at 1 second, 
the current is 1/2 amperes, as shown by the dot on the waveform. 
Similarly, at 8 seconds there is no distance between the waveform and 
the time axis, and so the current is zero. $ 
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The voltage produced by the simple a-c generator described previ- 
ously has a characteristic waveform that is important throughout 
a-c circuit theory. This waveform describes the output voltage of the 
generator during one full revolution of the armature. The voltage 
starts at zero, when the armature is not cutting any magnetic lines of 
force. As the armature turns, the voltage increases from zero to a 
maximum value in one direction. It then decreases until it reaches 
zero again. At zero, the voltage reverses polarity, and increases until 
it reaches a maximum at this opposite polarity. It then decreases until 


it reaches zero again. At this point, the generator armatüre has com- 
pleted one full revolution. à 


Since a sine wave corresponds to one full revolu- 
| lion of the generator armature, there are 360° in 
one sine wave 

90 


&. SINE WAVE 


The minimum points are at Ud 

180°, and 360°. These are the 

points where the atinatire is not 

cutting any:magnetic lines of | 
force, and so the voltage 1s zero | 


180° 


Degrees of Rotation 


The maximum points are at 90° 
and 270^, These are the points 
Where the generator voltage is 
Maximum, although the points are 
at opposite polarities 


the angle between the mag- 


netic field and the direction of motion of the armature, 
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generation of a sine wave 


Degrees of 
Rotation 


As the generator armature rotates, the magnitude and polarity of 
the voltage produced follows the pattern of the sine wave 


3-16 A-C WAVEFORMS 


A-C Waveforms Are Symmetrical 
About the Horizontal Axis 


Current or Voltage 
e 

Current or Voltage 
2 


This is an a-c sine wave This is an a-c waveform that varies con- 
tinuously in magnitude but in a different 
manner than a sine wave 


Current or Voltage 
2 


This is an a-c waveform that does not 
vary continuously in magnitude. The 
magnitude does not change where the . 
waveform is a horizontal straight line 


symmetry of a-c waveforms 


Perhaps you noticed on the previous page that the portion of the 
sine wave below the horizontal 


above the axis. Both have the same height and width, and vary in the 


pure ac. We can thus define an a-c current 
or voltage as one which periodically changes direction, and which 


other direction. 

In working with ac, you will be 
besides the sine wave. Two of the 
you should become thoroughly fa 
sawtooth wave. 


come familiar with other Waveforms 
most Common, and two with which 
miliar, are the square wave and the 
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the square wave 


A very common type of waveform in which the current or voltage 
does not vary in magnitude continuously is called the square wave. 
In a square wave, the current or voltage increases instantly from zero 
to some maximum value. It then does not vary, but stays at this maxi- 
mum value for a period of time. After this period of time, the current 
or voltage does three things instantly: (1) it decreases to zero, (2) it 
reverses ‘direction, and (3) it increases to its maximum value in this 
opposite direction. It stays at this negative maximum value for a time, 
and then decreases instantly to zero. The waveform is thus made up 


of a series of straight lines, as shown. 


The vertical lines of a square wave 
correspond to the current or voltage 
SQUARE WAVE 7 instantly changing between its maxi- 


mum values and zero 


Voltage or Current 
2 


The horizontal lines correspond to funt 


steady values of maximum current 
or voltage SS 


as greatly expanded with respect to the time axis, the vertical 
RE ee SIR lines, because the current or voltage cannot 
ly. There would be a definite time required for the 


lf a sq 
lines would actually be 
change in value instant 
changes 


Time 


Voltage or Current 
2 


Actually, the current or voltage does not change between its maxi- 
mum values and zero instantly. However, these changes are so fast. 
that for all practical purposes they can be considered as happening 
instantly. You will find that this is very often true in the field of elec. 

` tricity. Many things happen so quickly that they can be considered. 
and will be called instantaneous, even though they are actually not. 


3-18 A-C WAVEFORMS 


E] > 2 Volts — = E7 ? Volts 


could 
generate 
a 
g 
$ A 
E SQUARE 
x. WAVE 


If after 3 seconds the switch is flipped to B, the volt. 
resistor caused by the current from E, drops to zero, Current from E, 
then flows through the resistor in the opposite direction, and causes 
2 volts to be dropped across the resistor. This 2 volts ik Opposite in 
polarity to that previously caused by E;. Weg 

If after 3 seconds, the Switc 


age across the 
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the sawtooth wave 


You have probably noticed that waveforms get their names from 
their shapes. Thus, a square wave is square, or possibly rectangular, 
and a sine wave is sinusoidal. There is another very common waveform, 
which once you hear its name, you will probably have a good idea of 
its shape. This waveform is called the sawtooth wave, and looks very 
much like a tooth on a common wood saw. 

To understand how a sawtooth wave is produced, you ‘first have to 
know what a linear increase in current or voltage is. You already know 
that an instantaneous change in current or voltage is represented on a 
waveform by a straight vertical line. Curved lines on a waveform, such 
as a sine wave, show that the current or voltage is changing in a 
nonlinear way. This means that in each equal increment, or piece, of 
time, the current or voltage changes by a different amount. For example, 
in the first second current may rise from 0 to 5 amperes, or increase 
5 amperes; in the next second it may go from 5 to 8 amperes, or in- 
crease 3 amperes; and in the next second it may rise to 10 amperes, 
or increase 2 amperes. In equal increments of 1 second, the current 
thus rose 5, 3, and 2 amperes. This is a nonlinear change in current. 

To change linearly, the current or voltage must change by equal 
amounts in equal time intervals. This means that in the above ex- 
ample, the current would have to go from 0 to 5 amperes in the first 
second, from 5 to 10 amperes in the second second, and from 10 to 
15 amperes in the third second. Its linear increase would then be 5 
amperes per second, On a waveform, a linear change in current or 
voltage is represented by a straight sloping line. 

The sawtooth wave starts at zero, and linearly increases to its maxi- 
mum value in one direction. It then instantly drops to zero, reversing 
its direction, and increases to its maximum value in this direction. The 
instant it reaches its maximum value, it begins to linearly decrease to 


Zero again. 


4 + 
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fluctuating dc 


You know that every current has a magnitude and a direction. For 
direct current, both the magnitude and direction are constant and 
never change. For alternating current, on the other hand, both of them 
do change, with the direction reversing periodically, and the magnitude 
varying between zero and some maximum value in both directions. 
There is another type of current in which the magnitude varies but 
the direction never changes. This current is called fluctuating dc, since 
it can be considered a direct current that fluctuates, or changes, in value. 


FLUCTUATING D-C WAVEFORMS 


= +t 


Time Time 


1 


Voltage or Current 
EI 
Voltage or Curren 
E 


Fluctuating dc varies in 
magnitude, but does not change 
direction 


Time 


Voltage or Current 
ES 


A 


In many cases, the waveforms of 
fluctuating dc are the same shape 
as a-c waveforms; the onl 
; difference is that fluctuating d.c 
Time t waveforms never go below the 
horizontal axis 


Voltage or Current 
> 


+ 


+ 


Time 


Voltage or Current 
> 
Voltage or Current 
> 


J 
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An a-c voltage or current changes in magnitude 
in one direction the same way that it changes in 
magnitude in the other direction. It, therefore, 
varies around a Zero voltage or current level 


Zero Level 


Voltage or Current 
> 


the a-c component 


Fluctuating dc is similar to regular dc in that it does not change 
direction. It is also similar to ac, since it varies in magnitude. Some 
types of fluctuating dc can be considered as combinations of ac and dc. 
In actual electric circuits, this is often the case. A d-c voltage or current 
is combined with an a-c voltage or current, and fluctuating dc is pro- 
duced. When this is done, the dc varies in magnitude in an a-c way. 
The a-c variation is called the a-c component, and the dc is called the 
d-c reference level. 1 fi 

The waveform for such a voltage or current is identical to an a-c 
waveform, except that it is entirely above the horizontal axis. The d-c 
reference for this type of waveform is the horizontal line that half 
of the waveform is above and the other half is below. Thus, the a-c 
component varies around the d-c reference. y 

The a-c component can be removed from its d-c reference and be 
e a-c voltage or current that varies around zero by 


converted to a pur 
devices called transformers and capacitors. These devices will be cov- 


ered later. 


A-C 
Component 
D-C Reference 


When a d-c voltage or current varies in an a-C 
way, it does not change direction. However, it 
fluctuates around the d-c reference level in 
exactly the same way that ac fluctuates around 
the zero level 


Voltage or Current 
E 
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3-22 SUMMARY AND REVIEW QUESTIONS 
summary 
Angular motion is motion in a circle. A circle is divided into 360. degrees. 


£ A waveform shows the magnitude and direction of current and voltage at 
every instant of time. 1 The direction and magnitude of a d-c current or volt- 
age never change. The voltage produced by the simple a-c generator has 
the sine wave as its characteristic waveform. The sine wave has symmetri- 
cal positive and negative portions above and below the zero reference level. 


If a waveform is not symmetrical about the horizontal axis, it is not pure ac. 
C] An a-c current or voltage is one Which periodically changes direction, and 
which varies in magnitude in one direction exactly the same as it does in the 
other direction. The square wave increases instantly from zero to a maxi- 


um value for a period of time, decreases 


g dc changes in value, 
A fluctuating d-c voltage can be 
nt varying above and below a d-c 
e removed from the d.c reference 
pacitors. f 


but never goes below the horizontal axis. Q 
considered to be made up of an a-c compone 
reference level. O The a-c component can b 
level by devices such as transformers and ca 


‘| 7 
review questions 


- What is angular motion? How is it expressed? 


- With respect to the reference radius, in what direction does 
the rotating radius rotate? i 


- What does a waveform show? Which axis is usually the time 
axis? 


- What is a sine 
- Is a d-e wave 


wave? Why is it so called? 
Symmetrical above and below the horizontal 


. What is a square wave? A sawtooth wave? 
. Can a square wave be 


generated by a battery? What addi- 
tional components ary besides the battery? 


it ever go below the horizontal 
- Draw the waveform of 


à fluctuating d.c voltage. 
- What is meant by the a- 


€ component? D-c reference level? 
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1 Cycle =; 
| 
i 
[i 


P 
« | The frequency of'a voltage or 
lSecond currentis the number of cycles 
generated each second. The 
frequency of this voltage is, 
therefore, 3cps — 4 


i E 1 Cycle A 1 Cycle T 
l 1 
| | 
1 ! 


Voltage 
EI 


frequency 


In an a-c waveform, the variation of voltage or current from zero to 
a maximum and back to zero, say, in the positive direction, and from 
zero to a maximum and back to zero, say, in the negative direction, is 
one complete cycle. : i 

The number of cycles generated in 1 second is called the frequency 
of the voltage or current, and is expressed.in cycles per second, cps. 
The greater the number of cycles produced in one second, the higher 
is the frequency. This means that the faster the generator armature 
turns, the more cycles, it generates in each second, and so the higher 
is the frequency of the output voltage. If the simple generator turned 
at a speed of 10 revolutions per second, the frequency would be 10° 
eps; at 100 revolutions per second, the frequency would be 100 cps. 

Most of the electric power generated in the United States has a fre- 


` quency of 60 cps. On most electrical appliances there is a statement 


that the appliance is to be used only on 60 cps ac. These: appliances 
are designed for this standard power frequency, and if they are con- 
nected to a power source that has a different frequency, they will either 
be damaged or not work. properly. i 

Electric power frequencies used in other countries vary anywhere 
from 25 to 125 cps. For example, many of the countries in Europe and 
South America have a standard electric power frequency of 50 cps. 


electric power frequency May be from 400 to 1000 cps. . 
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I h ! 
Since the frequency pf the |= Wavelengti = 
voltage is 3 cps, the wavelength 
is 


Wavelength (meters) 


= 300,000,000 = frequency = f 1 Second 
= 300,000,000 + 3 E 
= 100,000,000 meters 


As the frequency decreases, the 
wavelength becomes longer 


| 
| 
| 
| 


| 
l 
| 
| 


1/3 Second 


wavelength 


You remember from Volume 1 that, although the individual electrons 
that make up electric current move through a wire quite slowly, the 


cycles for a given period of time, you can calculate how far current can 

is called the wave- 

` length. It is the distance that current can move in the time it takes to 
complete 1 full cycle of a-c voltage. 


300,000,000 /frequency 
The wavelength for 1 cycle of a 60 


"CPS voltage is now said be 
5,000,000 meters. £ adto 


gth is just another 
quency. The use of wavelength is not too imp 
but it is often used in the fi 


Way of expressing fre- 


ortant in electrical power 
eld of communications, 
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These voltages are in 
phase, but have different 
magnitudes > 


Voltage 
2 


This current and voltage 
are in phase 


These currents are in x 
phase and have the same 5 
maggitudes 


Current and voltages are in phase when they both 
reach their maximum values and their minimum 
values at the same time 


phase 


The output of a simple a-c generator varies as a sine wave. There- 
fore, if two such generators are started, they each will generate one 
full sine wave output after one full revolution.^If the generators are 
started at the same time and turn at exactly the same speed, the two 


waveforms will begin simultaneously and end simultaneously. They will | 


also reach their maximum values and pass through zero at the same 
time. The two waveforms are thus “in step” with each other, and the 
voltages they represent are said to be in phase. From this you cam see 
that the term phase is used to indicate the time relationship between 
alternating voltages and currents. A 

When two currents or voltages are in phase, it does not mean that 
their magnitudes are the`same. The peak magnitudes are reached at 
the same time, but they can have different values. d 

Although phase is usually used to compare the time relationship of 
two waveforms, it can also be used to indicate a point in time for 
one waveform. As shown on page 3-15, a full cycle can be represented 
by degrees. These degrees are often called phase angles. The phase of 


the positive peak is 90 degrees, and the negative peak is 270 degrees. . 


The sine wave is zero at the phasé angles af 0, 180, and 360 degrees. 
In this way, any point on a sine wave can be referred to as some phase 
angle. ` 
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phase difference 


If two identical generators are started at the same time and turn 
at the same speed, their maximum 'and minimum output values will 
* occur simultaneously, and so the two outputs will be in phase. But if 


generator. The two outputs in this case are out of phase. Or, to put it 
another ‘way, a phase difference exists between the two outputs. The 
amount of the phase difference depends on how far behind one output 


; l; leads I5 by 90° or 
I2lags!; by90* 


When maximum and minimum points of one. Voltage or current 

occur before the Corresponding points of another voltage or 
Current, the two are out of phase, When such a phase difference . 
exists, one of the voltages or currents leads, and the other lags 


Ey leads; by 180° or 
E» lags E; by 180° 


cycle, the phase difference is one-h. 
accuracy, phase difference is given i 
wave corresponds to 360 degrees, a phase difference of one-half cycle | 
is a 180-degree phase difference; a one-quarter cycle difference is 4 
90-degree phase difference, etc, 


The terms lead and lag are used to describe the relative positions | 
Mm time of two voltages or currents that 4: 


in tir t Te out of phase. The one that 
is ahead in time is said to lead, while the one behind lags. 
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other a-c terms 


You are already familiar with most of the terms normally used to 
describe a-c voltages and currents and their waveforms. However, in 
addition to cycle, frequency, wavelength, and phase, there are other 
a-c terms that are used very often, which you should'know."For example, 
1^ of a full cycle is often referred to as an alternation. 

Another term is amplitude. The amplitude of an a-c current or voltage 
is the maximum value that the current or voltage reaches. It is the 
same in both the positive and negative directions. On a waveform, the 
amplitude is the distance from the horizontal axis to either the highest 
point of the wave above the axis, or to the lowest point below the axis. 
The amplitude is often also called the peak value. 


Alteration An alternation is % cycle 


The amplitude, or peak value is the max- 
imum positive and negative values of an 
@-crvoltage or current 


The period is the time required by one 
full cycle of a-c voltage or current 


210° 360° 


Voltage or Current 
E 


Amplitude 


or 
Peak Value 


exer Period or Time 


Another term you should know is period. The period of an alternating 
quantity, such as a-c voltage or current, is the time it takes to complete 
one full cycle of the quantity. If you know the frequency, the period 
can easily be calculated. For example, for a 60-cps voltage, 60, cycles 
are generated in one second. It therefore takes 1/60 of a second to 
generate one cycle. Thus, you obtain the period by dividing the fre- 
quency into 1. 

1 
frequency 


The period is in seconds, and the frequency is in cycles per second, cps. 


Period = 
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values of a-c voltage and current 


To specify the value of a d-c voltage or current is no problem, since 
d-c values do not change. The values of a-c voltages and currents, 
though, are constantly changing,.and so there is a problem when it 
comes to specifying them. Before you can give the value of an a-c 
voltage or current, you usually have to determine what type of value 
is needed. And this in turn depends on how you want to use the value. 
The most obvious value to you is probably the peak value, which you 
know is the amplitude or maximum value of the voltage or current. 
Another value sometimes used is the peak-to-peak value, which is.twice 
the peak value. On a waveform, the peak-to-peak value is the distance 
from the maximum positive value to the maximum negative value. 


A-c voltages and currents have 
VA Peak Value more than one type of value 


Peak-to-Peak Value 


Voltage or Current 
E 


Instantaneous 
Values 
Peak Value ae 
Three shown here are the peak Two othets not shown are the 
values, the peak-to-peak value, average value and the effective 
and the instantaneous values 


value 


In most, cases, none of these values (peak, 
stantaneous) are satisfactory for giving the actu. 
and currents. Instead, two other values, calle 
effective values, are generally used. 


peak-to-peak, or in- 
al values of a-c voltages 
d the average and the 


1 
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Voltage or Current 
o 


The average value of a pure 


peak value 


sine wave is 0.637 times the 


Average Value During 
, Positive Half Cycle 


Average Value During 
Negative Half Cycle 


The average value of an a-c voltage or current is the average of all 
the instantaneous values during one half cycle, or alternation. Since 
during a half cycle, the voltage or current increases from zero to the 
peak value and then decreases back to zero, the average value must 
be somewhere between zero and the peak value. For a pure sine wave, 
which is the most common waveform in a-c circuits, the average value 
is 0.637 times the peak value. For voltage, this is expressed by the 


equation: 


Eav = 0,637 Epr 


As an example, if the peak vol 
voltage will be: 


Eny = 0.637 Epx 


tage in a circuit is 100 volts, the average 


= 0.637 X 100 = 63.7 volts 


The equation for average current in terms of peak current is identical 


to that for voltage. 


You should be careful never to confuse average value, which is the 
average of one-half cycle, with the average over a complete cycle. Since 


both half cycles are identical, 


except that one is positive and the other 


negative, the average over à complete eycle would be zero. 
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Effective Value During 


/ Positive Half Cycle 


The effective (rms) value of a 
pure sine wave is 0.707 times 
the peak value 


Voltage or Current 


Effective Value During v 


-| Negative Half Cycle . 


effective values 


of effective values, 

The effective value of an a- 
cause the same amount of he 
only resistance that would be 
Same value. Thus, an alterna; 


across a 70.7-volt d-c source, 


The effective value is the one that is usually used to rate a-c voltage 


and currents. The home line voltage of 110 volts is the rms value. And 
‘So is the 220-volt industrial power voltage. : 
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——— Peak Value 


Effective Value 


Average Value 


Average Value 
Effective Value 


Peak Value 


In working with a-c circuits you will often have to convert given or 
measured values of a-c voltage or current to other values. For example, 
you may have to convert an average value to a peak value, or maybe 
an effective value to an average value. For all conversions between 
peak, average, and effective values, there are six basic equations’ that 
apply. By using the proper equation, you can easily convert from any 
one of these values to any other. The six equations are given below 
for converting voltage and current values. 


CONVERTING A-C VOLTAGES AND CURRENTS 


To Convert From To Use the Equations 
Peak Average Ej, = 0.637 Ep lay = 0.637 lp 
Peak Effective Expr = 0.707 Epx lggp = 0:707 lpr 
Average Peak Epg = 1,57 Eay lpy — 157 lay 
Average Effective Eire 1-11 Egy Tepe = ttl lay 
Effective Peak Epp = 1-414 Egg lpg = 1.414 Epes 
Effective Average Biy = 0:9 corr tay = 0:9, lore 


In some cases, you may have’ to convert from or to peak-to-peak : 
values, To do this it is best to use the equations for the peak value, 
and remember that the peak-to-peak value is twice the peak value, 
and conversely that the peak value is one half the peak-to-peak value. 


x 
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summary 


O The number of cycles generated in one second is called the frequency of a 
voltage or current, and is, expressed in cycles per second, cps. |) Most of the 
electric power generated in the United States has a frequency of 60 cps. Other 
countries use different power frequencies, ranging from 25 to 125 cps. O 
Frequency can also be expressed in kilocycles, kc; and megacycles, mc. O 
The distance a wave travels during one cycle is called its wavelength. [] The 
wavelength is equal to the wave's velocity divided by its frequency. 


expressed in parts of a cycle, or degrees. [j When two waveforms are in step 
with each other, they are said to be in phase. 


review questions 


1. What is the frequency most commonly used for electric 
power in.the United States? 


2.. Frequency is measured in what units? 

3. What is-meant by phase? Phase difference? 
4 

5 


- Define amplitude and alternation. 
* What is the effective v. 
amplitude is 200 volts? 
6. What is therms value of a 
age is 200 volts? 
7. What is the average value of the output volt 
battery? The rms-value? 
8. The average value of a sine-wave current is 5 amperes. What 
is its peak, effective, and peak-to-peak values? 
9. One alternation of a sine wave takes 4/1000 of a second. 
What is the frequency af the wave2 
10. What is the maximum value of a sine wave whose effective 
value is 50 volts? Whose peak-to-peak value is 50 volts? 
Whose average value for one alternation is 50 volts? 


alue of a voltage whose maximum 


voltage whose peak-to-peak volt- 


age of a 6-volt 
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resistive a-c circuits 


.. Jn. a d-c circuit, the only property that opposes or reduces current 
flow.is resistance. Resistance also affects the current flow in a-c cir- 
cuits, although it is not always the only property that does. You will 
learn later that a-c circuits have other properties, which, like resistance, 
affect-the current and voltage throughout a circuit. The simplest type 
of a-c circuit, though, contains only resistance. And like a d-c circuit, 
this resistance includes the individual resistances of the loads, the 
power source, and the connecting wires. 


An a-c resistive circuit is one 
that contains only resistance 


Electric appliances used to produce heat, such 
as toasters, irons, frying pans, and ranges, are 
examples of a-c resistive circuits when they 

are connected to the standard home power source 


In actual practice, no a-c circuit can contain only resistance. s 
other properties that affect the voltage and current are always UR 
in some amount. However, when their effects are very small compare 
With the effects of the resistance, they can be' considered as being not 
Present. The circuit is then a completely resistive circuit. 
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current and voltage 


When an a-c voltage is applied across a resistance, an a-c current 
flows through the resistance. The magnitude of the current at any 
instant is directly proportional to the magnitude of the voltage at that 
instant, and is inversely proportional to the value of the resistance. 
This is the same relationship that exists between the current, voltage, 
and resistance in a d-c circuit, and so Ohm's Law also applies to the 
instantaneous values of current and voltage in an a-c circuit. 


For e 
D-C «9 oS 
Values NN. 


na 
NA, . 
Slo, 


Inde circuits 
> voltage, and res 


: É the relationship between the current 
Iw 4 


Since the average, effective, and peak values of a- 
voltage are: derived. from the i 


applies to them. This means 


c current and 
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Since the instantaneous values of current and voltage in an a-c 
circuit that contains only resistance follow Ohm's Law, this means 
that at any instant when the voltage is zero, the current is also zero. 
And when the voltage is maximum, the current must also be maximum, 


Voltage 


Current 


In a-c resistive circuits, the voltage and current are 
in phase everywhere in the circuit. Both of them are 
zero at the same instant and reach their maximum 
values at the same instant. This in-phase relationship 
is maintained throughout the entire cycle 


since the resistance is constant. When the voltage reverses and be- 
comes negative, the current also reverses, inasmuch as it always flows 
from negative to positive. Thus, at every instant of time the current 


is exactly in step with the applied voltage. 
In an a-c resistive circuit, therefore, the current and voltage are 


in phase. This is true.not only of the total circuit current and the source 
voltage, but is so for the voltage and current in every part of the circuit. 
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power 


The power consumed in any circuit depends on the voltage and cur- 
rent in the circuit. And since in a purely resistive circuit, a-c voltages 
and currents follow Ohm’s Law, it would seem that the power in such 
a circuit would be calculated in the same way as the power in a d-c 
circuit. Essentially, this is true. The power in an a-c resistive circuit 
does follow the standard d-c equation P — EI. However, a-c voltages 
have different types of values, and so, therefore, does a-c power. 


The value of each point on the power waveform 

is equal to the product of the voltage and current 
at that instant. The second half cycle of the 
power waveform is positive since it is produced " 
by the product of two negative quantities 


; : 

At any particular instant, the power in an a-c resistive circuit is 
equal to the product of the voltage and current at that instant. This is the 
instantaneous power and is found by the equation Pixs = 
The instantaneous power can range anywhere from zero, i 
rent and voltage at that instant are Zero 
rent and voltage are at their peak values at that instant. 


Eqysrlingr: 
f the cur- 
, to the peak power, if the cur- 


Usually, you will not be interested in instantaneous power, but in 
the power used during a full cycle. This is often referred to either as 
power or average power. To find this, you would use the effective or 
rms values of voltage and Current, since these values are the ones 
that give the same power loss effect as the d-c equivalent, as you learned 

‘earlier. The formula, then, for finding this power dissipated in a cir- 
cuit is 

P= Errrlerp 
Another formula that can be used if you know the peak value is 


Epxlpx 
pa rkiek 
2 
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Eddy Currents 


Eddy currents do not add to the main 
current through a conductor, but 
nevertheless cause power to be con- 
sumed. They, therefore, represent an 
increase in conductor resistance 


In dc circuits, resistance is a physical property of the conductors 
that opposes current flow. The resistance is directly proportional to 
"conductor length and inversely proportional to conductor cross- 
sectional area. This d-c, or ohmic, resistance opposes a-c current the 
same as it does d-c current. However, when a-c current flows in a 
conductor, the resistance offered to the current by the conductor is 
somewhat greater than the resistance that would be offered to d-c cur- 
rent by the same conductor. There are two reasons for’ the increase’ 
in resistance, and both are due to the fact that when an a-c current 
flows in a conductor, it causes voltages to be set up inside of the 
conductor. How this is done will be explained later in this volume. 
The voltages set up in the conductor cause small independent currents, 
called eddy currents, to exist. These eddy currents flowing through 
the resistance of the conductor consume power, and therefore rep- 
resent a power loss, or an increase in resistance, in the circuit. 

Besides producing eddy'currents, the voltages set up in a conductor 
by a-c current repel the flowing electrons towards the surface of the 
conductor. See illustration on page 3-38. More current, therefore, flows 
near the conductor surface than at the center of the conductor. This 
has the effect of decreasing the cross-sectional area of the conductor, 
and as you have learned, a decrease in cross-sectional area causes an 
increase in resistance. The concentration of current flow near the sur- 


face of a conductor is called skin effect. 
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Skin effect results in a higher con- 
centration of current near the con- 
ductor surface than at the conductor 
Effectively, this reduces the cross- 


sectional area of the conductor 
i 


A-C Resistance = D-C Resistance + Eddy Current loss + Skin Effect Loss 


eddy currents 
and skin effect (cont. ) 


The losses in a-c conductors due to eddy currents and skin effect 
are directly proportional to the frequency of the current flowing in 
the conductor. The higher the frequency, the greater are the eddy cur- 
rent and skin effect losses. These losses only become Significant when - 
the frequency is very high. For this reason, they will be considered 
as zero, and therefore neglected in the remainder of the volume. Power 
duce the skin effect loss. 
he individual wire strands 
rea of a solid conductor. 


cables are usually made of stranded wires to re 
This works because the surface areas of all t 
added together is greater than the surface a: 


Stranded 
ire 3 
Conductor 


Conductor 


Skin effect loss is reduce: 
total surface area of the 


d in power cables by the use of stranded wire. The 
wires is greater than that of a single conductor 
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100 Volts 


(Average) 100 


F What is the effective value of the total current in the 
circuit? 

The effective value of the current is asked for, but the source voltage 
given is the average value. The average value could be converted to 
its equivalent effective value, and the effective current then calculated 
directly. Or, the current could be solved for the average current and 
the conversion to the effective value could then be made. Since only 
one conversion is required, it will be made first, although either method 
would be equally satisfactory in this problem. E 

The equation for converting average voltage to effective voltage 
can be taken from the table on page 3-31. 


Este = TIENS eX 100 volts = approx. 110 volts 


The total resistance of the two 10-ohm resistors in parallel is 5 ohms, 
and so you know the effective value of the applied voltage and the 
circuit resistance. Since it is a purely resistive circuit, Ohm’s Law can 
be used to find the effective current. 


Tere = Ener/R= 110 volts/5 ohms = 22 amperes 


oblem 2. What is the peak value of the circuit current? 
The effective current is 22 amperes. To convert this to its equivalent 
peak „current, you use the appropriate equation from the table on 
page 3-31. & 


Ipy = 1.414 Tove = 1.414 x 22 amperes = 31.11 amperes 
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solved problems (cont.) 


Problem 3.. The current in this circuit has a waveform as shown. 
“What is the voltage across-the resistance at instant A on the waveform? 


10 Volts (Peak) 


Current (Amperes) 
2 


Time (Seconds) 


the equation that expresses Power in terms of peak vi 
rent. The equation is 


= Boxlpx 4 10 volts X 2 am: 
mim cn a ee 10 watts 


- 
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summary 


O Ohm's Law applies to instantaneous values of current and voltage in an 
a-c circuit, just as in a d-c circuit. [] In an a-c resistive circuit, the current 
and voltage are in phase. © The average power dissipated in a resistor in an a-c 
circuit is P = Eppplppe and P = Epl /2. 


[] Instantaneous power is found by the equation: Prysp = Erxsrlıxsr- It can 
range from zero to a maximum, which is reached when the current and voltage 
are both at their peak values at the same time, as is the case in a pure resistive 
circuit. 


O The losses in a-c conductors due to eddy current and skin effect are directly 
Proportional to the frequency of the current. Because these losses only become 
significant at high frequencies, they are neglected and considered to be zero 
in this volume. O Power cables are usually constructed of stranded wires to 
reduce skin effect loss. 


review questions 


1. What are eddy currents? How are they related to frequency? 

2. What is skin effect? Is it present in d-c circuits? 

3. How is skin effect overcome in power cables? Why does this 
work? 

. What is the average power dissipated in an a-c circuit where 
the maximum voltage is 20 volts, and the maximum current 
is 40 amperes? 

. What is the average power dissipated in an a-c circuit where 
the effective voltage is 70 volts and the effective current is 
30 amperes? 

. The instantaneous current through a resistor is 14 amperes, 
and the instantaneous voltage across the resistor is 28 volts. 
What is the instantaneous power developed? 

. The peak value of the voltage in an a-c circuit is 100 volts, 
and the effective current is 7 amperes. What is the average 
power dissipated? : 1 i 

. The peak power developed across a resistor is 1500 watts, 
when the effective voltage across the resistor is 500 volts, 
What is the average current over one alternation? 

. The average value of one alternation of a sine-wave voltage 
is 75 volts, and the peak value of the current is 3 amperes, 
What is the average power developed? à 

. The average power developed across a resistor is 2000 kilo- 
watts, and the peak-to-peak voltage is 200 kilovolts. What is 
the value of the effective current through the resistor? 


= d 
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nonresistive a-c circuits 


In a dc circuit, resistance is the only’ thing that opposes current 
flow. Therefore, a d-c circuit without resistance, or with a very low 
resistance, is a short circuit. Damagingly high currents will flow in such 
a circuit, and-no useful function can be accomplished. In a-c circuits, 
on the other hand, resistance is not the only thing that opposes cur- 
rent. Two other circuit properties, called inductance and capacitance, 
oppose the flow of a-c current. Therefore, if either of these properties 


are present, a-c current is limited, even though the circuit resistance 
may be zero. 


IDENTICAL CURRENTS WILL FLOW 


500 


Short- 
Circuit 
Current 


Zero 
Resistance 
Load 


Zero 
w Resistance 
Load 


Current is limited by any induct- 


. ance Of capacitance present in 
the circuit 


The nature and characteristics of inductance and capacitance are 
described in the remainder of this volume. Indu 
followed by capacitance. Before examining inductance, though, some 
of the basic principles of electromagnetism and its effects will be re- 
viewed, since inductance is basically an electromagnetic phenomenon. 


ctance is covered first, 
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With no voltage applied and therefore no current, With a voltage applied, the free electrons move in 

the magnetic fields of the free electrons cancel the same direction, and their magnetic fieldscom- 

eat other. There is no field outside the con- pine, The overall field extends outside the con- 
luctor juctor T 


the magnetic field 
around a conductor 


An electric current is made up of many free electrons, moving in the 
same direction in a wire. Each moving electron sets up its own mag 
netic field, and since the electrons are moving in the same direction, 
the fields of the individual electrons combine to produce one overall 
magnetic field. 

In a conductor that has no voltage applied to it, the current is zero. 
The free electrons in the conductor are moving and creating their 
individual magnetic fields, but their motion is random. At each instant, 
for every electron that is moving in one direction, there is another 
moving in the opposite direction. This causes the individual magnetic 
fields to oppose, or cancel, each other. As a result, there is no magnetic 
field outside of the conductor. ` ‘ 

If a voltage is applied to the conductor, many of the free electrons 
begin moving in the same direction. Their individual magnetic fields 
then combine, and an overall field is produced. This magnetic field 
extends outside of the conductor, with each line of force making a 
circle, or loop, around the conductor. If the voltage applied to the con- 
ductor is increased, the current also increases. More electrons will 
then contribute to the overall magnetic field, and so its strength will be 
greater, The strength of a magnetic field is usually indicated by the 
number of individual lines of force, and their distance apart. Strong 
fields have, many lines, and they are closely spaced. 

The direction of the magnetic field around a current-carrying con- 
ductor is given by the left-hand rule, which you learned in Vol. 1: If 
you wrap your left hand around a conductor with your thumb pointing 
in the direction of the current flow, the magnetic field surrounding the 
conductor is in the direction of your curled fingers. Stas 
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induced emf 


When an electron moves through a magnetic field, a force is exerted 
on the electron as a result of the interaction between the magnetic 
field of the electron and the field through which it is moving. When a 
piece of conductor is moved through a maghetic field, therefore, a force 
is exerted on each of the free electrons in the conductor. Effectively, 
these forces add together, and the effect is an emf generated, or in- 
duced, in the conductor. The direction of the induced emf depends on 
the direction of motion of the conductor relative to the direction of the 
magnetic field, and can be found by using the right-hand rule, which 
you studied in Volume 1. The right-hand rule states that if the thumb, 
forefinger, and middle finger of the right hand are held at right angles 
to one another, with the thumb pointing in the direction in which the 

- conductor is moving and the forefinger pointing in the direction of 


the magnetic field, then the middle finger points in the direction of 
the induced emf, 


The emf is proportional to the sine 
of this angle 


n — — A - 


The magnitude of the induced emf is directl 


4 proportional to the 
strength of the magnetic field, the length of th 


e conductor, and the 
magnetic field. In- 


ductor moves at right angles to the direction of the field, the emf is 
maximum. If the direction of the conductor is parallel to the direction 


of the field, no emf is induced. See illustration on page 3-45. And if 
the conductor moves neither at a right angle nor parallel to the direc- 
tion of the field, the emf is proportional to the sine of the angle between 
the direction of the field and the direction of motion of the conductor. 

. The above description was for the case of a moving conductor in a 
stationary magnetic field. As you' will learn later, exactly the same 
results can be obtained by having a moving magnetic field and a sta- 
tionary conductor, “a 
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8-45. 


factors determining induced emf. 


STRENGTH 
OF 


MAGNETIC 
FIELD 


LENGTH 
OF 
CONDUCTOR 


SPEED 
OF 
CONDUCTOR 


DIRECTION 
OF 


CONDUCTOR 
RELATIVE 
TO FIELD 


SMALL EMF 


ae 


WEAK FIELD 


SMALL EMF 


pani MED Ra 


SHORT CONDUCTOR 


SMALL EMF . 


a 


SLOW MOVEMENT 


ZERO EMF 


EI 


LARGE EMF 
STRONG FIELD 


LARGE EMF 


0 oc: 


LONG CONDUCTOR 


LARGE EMF 


ONUS: 


FAST MOVEMENT 


LARGE EMF 
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4 Magnetic Field Around an A-C Current- 
Carrying Conductor During One 
Complete Cycle ji 


A-C 


Generator 


Conductor 


Current 


The strength and direction of the 
magnetic field around a conductor 
through which altemating current 
is flowing depends on the mag- 
nitudend direction of the current 


the magnetic field created: 
by an alternating current 


"When a d-c voltage is applied to a conductor, the current goes from 


When an alternating current flows in a Conductor, the current con- 
stantly varies in magnitude. This means that the number of fice 
electrons moving in the same direction also varies. As a result, the 
magnetic field around the conductor constantly changes in strength. 
The greater the current, the Stronger is the field. Similarly, the less 
the current, the weaker is the field. 

Since alternating current periodicall 
netic field it produces also reverses dire 
tion of the magnetic field is determined 


y changes direction, the mag- 
ction. At any instant, the direc- 
by the direction of current flow. 
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self-induction 


As the alternating current in a conductor goes through one complete 
cycle, the magnetic field around the conductor builds up and then col- 
lapses. It then builds up in the opposite direction, and collapses again. 
When the magnetic field begins building up from zero, the lines of 
force, or flux lines, expand from the center of the conductor outward. 
As they expand outward, they can be thought of as cutting through 
the conductor. Remember that an emf is induced in any wire that 
moves in a magnetic field. In this case, it is the field that moves, but 


Expanding Magnetic Unchanging Magnetic 
Field and Induced EMF Field and No Induced EMF 


No Magnetic Field 


and No Induced EMF Collapsing Magnetic 


Field and Induced EMF 


Any change in the current through a conductor causes self- 
duced emf in the-conductor. If the current is zero or constant, 


no emf is induced 


the effect is the same as if the wire was moving and the field was 
stationary. All that is required is relative motion between the magnetic 
field and the electron. Therefore, as the magnetic field expands out- 
"ward through the conductor, it tends to produce a current flow of its 
own. Similarly when the magnetic field collapses, the flux lines cut 
through the conductor again, and again an emf is induced. 

You can see then that any change in current causes an expansion 
_or collapsing of the magnetic field around a conductor, which in turn 
induces an emf in the conductor. This-is called self-induction. 
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magnitude of self-induced emf 


The emf induced in a conductor by a change in the current 
through the conductor has magnitude and polarity, the same as all 
emf’s. One factor that determines the magnitude of the induced emf 
is the rate at which the magnetic field expands or collapses. This, in 
turn, depends on how rapidly the current changes. For pure alternating 
current, which varies as a sine wave, the frequency is a measure of 
how fast the current changes. Therefore, the magnitude of the induced 
emf depends on the frequency of the current. For ‘a given value of 
current, the higher the frequency, the more rapidly. the current 
changes, and thus the larger the emf induced. Similarly, the lower 
the frequency, the smaller will be the induced emf. 

The magnitude of the induced emf also depends on the value of the 
current. Larger currents produce stronger magnetic fields. And when 
, strong field collapses, more flux lines cut the conductor, and a greater 
emf is induced. Therefore, for a given frequency, higher amplitude 
Currents produce greater induced emf’s. 


Summarizing, the magnitude of the self-induced emf is proportional 
to the amplitude and frequency of the current. 


The frequency ofan a-c current and its amplitude 
* determine the magnitude of the self-induced emf 
High-Frequency, Low- Low-Frequency, High- 
Amplitude Current Amplitude Current 


50 Volts 50 Volts 
Induced Induced 
x EMF 


High-frequency currents can in- And low-frequenc 
duce large emf's even though their also DRESS 
amplitudes are relatively low amplitudes are high 


Current 
t e 
Current 
1 2 + 
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polarity of self-induced emf 


Every emf has a polarity, and a self-induced emf is no exception. 
You might think that the polarity of an induced emf should always 
be in the same direction as the current that causes it. However, if 
you think in terms of a direct current flowing in a conductor, you will 
see that this cannot be so. When a direct current increases from zero 
to its maximum value, the magnetic field it creates around the con- 
ductor induces an emf in the conductor. If this emf was in the same 
direction as the current, it would cause an increase in the current. 
This increase in current would cause more induced emf, which would 
increase the current further. This sequence would continue until so 
much current flowed that something in the circuit would burn out. 
You know that this does not happen, and so the polarity of the induced 
emf is not always in the same direction as the current that causes it. 
The polarity of an induced emf is given by the right-hand rule, but 
this is hard to visualize when you are dealing with self-induction. 

The direction of the self-induced emf was first explained by the 
German physicist H. F. E. Lenz, in what is now called. Lenz's Law: 
A change in current produces am emf whose direction is such that it 
opposes the change in current. In other words, when a current is de- 
creasing, the induced emf is in the same direction as the current and 
tries to keep the current from decreasing. And when a current is in- 
creasing, the polarity of the induced emf is opposite to the direction of 
the current and tries to prevent the current from increasing. The re- 
lationship between the induced emf and the applied voltage that causes 
the current flow is such that the two voltages are always 180 degrees 
out of phase. 


The magnitude of the cemf induced at any point 

depends on the rate of change of the flux lines, + 1 

So, at 90and 270 degrees, where | momentarily 

becomes steady at its peak, the rate of change 

is zero, and so is the cemf CEMF 


360° 


At 0, 180, and 360 degrees, when | passes through 
zero and changes direction, the rate of change is 
greatest, and so is the cemf. So | and cemf are 
90 degrees out of phase 
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polarity | 
of self-induced emf (cont.) 


When the applied voltage is at its maximum in one direction, the 
induced emf is at its maximum in the opposite direction. And when the 
applied voltage is increasing or decreasing in one direction, the induced 
emf is increasing or decreasing in the opposite direction. Since the action 
of the induced emf is to oppose the applied voltage, it is often called the 
back emf or counter emf, and is generally abbreviated as cemf. 

The fact that the. back emf always opposes the applied voltage, but 
Sometimes opposes and sometimes aids the current flow may seem 
confusing. This seeming contradiction is caused by the phase relation- 


ship between the applied voltage and the current, and will be explained 
later in this volume. 


^ 


The Back EMF Opposes Any Change in the Current 


Back 4 Back 
EME 


EME 


The polarity of the back emf is opposite to the 
circuit current when current is increasing, and the 
same as the circuit current when current is decreasing 


Applied 
Voltage 


The back emf always Opposes the applied voltage. 
Back emf is also known as counter emf or cemf 


Back Back 
EMF i EMF 


Decfeasing |, 
Current | 
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self-induction 
from an energy standpoint 


Self-induction can also be explained from the standpoint of energy. 
When this is done, the magnetic field that surrounds a current-carrying 
conductor is considered as exchanging energy with the circuit. When 


, Circuit current increases, energy is removed from the circuit and stored 


in the magnetic field. This is why the magnetic field becomes stronger. 
The removal of circuit energy shows up as a decrease in the potential 
along the conductor, and corresponds to the back emf opposing the 
source voltage. 

When current stops increasing, the magnetic field becomes constant 
and Stops removing energy from the circuit; and all of the energy 
supplied by the power source is used by the circuit current. The mag- 
netic field holds all of the energy it has taken from the circuit until 


the current begins decreasing. 
/ EET EET A 
Magnetic 
Field 


INCREASING CURRENT 


The magnetic field can be con- 
sidered as removing energy from 
the circuit when current is in- 
creasing... 


Xs Lif 
Magnetic 
Field 


And retuming this energy to 
the circuit when the current 
is decreasing 


When the current starts decreasing, the magnetic field starts collaps- 
ing and returns the stored energy to the circuit. It returns the energy in 
the form of increased potential along the conductor. This corresponds 
to the self-induced emf being in the same direction as the source 
voltage, and thus adding to it. From the energy standpoint, therefore, 
self-induction is a removal of energy from a circuit when current in- 
creases, and-a returning of this energy to the circuit when current de- 
creases. : 
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STRAIGHT CONDUCTOR COILED CONDUCTOR 


These flux lines cut These flux lines cut 
the conductor at the conductor at 
only one point more than one point 


if a conductor is coiled, a greater back emf will 
be produced by self-induction 


effect of conductor shape 
on self-induction 


You now know that self-induction in a conductor opposes any change 
in the current through the conductor, and that the amount; or magni- 
tude, of the self-induction is determined by the amplitude and fre- 
quency of the current. However, there is one other factor that affects 
self-induction. This is the physical shape of the conductor. Until now, 
you have considered only straight conductors. When the magnetic field 
in this type of conductor builds up, each flux line cuts the conductor 
in one place, and the back emf produced is determined by the total 
number of flux lines. 

If a conductor is cofled, into adjacent loops, the situation is entirely 
different. For one thing, the length of the conductor is longer, so a ' 
greater cemf is induced. But, in addition, there is another reason why 
the cemf will go up even more with a coiled wire. Changes in current 
Still produce a magnetic field around the conductor, but now each flux 
line does not cut the conductor at only one point, First of all, the flux 
lines add to create a stronger field, and as each flux line expands out- 
ward, it cuts the conductor in the loop in which it is produced, and it 
also cuts adjacent loops of the conductor. The more the flux lines add 
and expand, the more loops they cut. Each flux line, therefore, gen- 
erates a back emf at more than one point along the conductor, The 
polarity of all these back emf’s are such that they add to produce a 
total counter emf much greater than would be generated in a straight 
conductor by the same change in current. When the flux lines collapse, 
the situation is the same. Each line cuts more than one loop of the 
conductor, and generates a cemf in every loop it cuts. The cemf's again 
add to produce a large total back emf, : 

You can see that for a given current, the amount of back emf pro- 
duced in a conductor depends on the number of individual flux lines 
generated, the shape of the conductor, and the frequency of the current. 
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summary 

If either inductance or capacitance is presentsin an a-c circuit, the current 
flow is limited. O An induced emf is developed when a conductor cuts mag- 
netic lines of force. Either a moving conducior in a stationary magnetic field, or 
a moving magnetic field and a stationary conductor will produce an induced emf. 


[] When a varying current flows in a conductor, it creates a magnetic field 
which induces an emf in the conductor. This is self-induction. O The magni- 
tude of the self-induced..emf is proportional to the amplitude and frequency 
of the current. The direction of a self-induced emf is explained by Lenz's 
Law. Lenz's Law states: A change in current produces an emf whose direction 
is such that it opposes the change in current. O Self-induced emf is some- 
times called back emf, or counter emf, and is abbreviated cemf. 


O Self-induction can be considered anexchange of energy when the magnitude 
of the current through a conductor changes. O The physical shape of a con- 
ductor also determines -the magnitude of self-induction. Conductors are 
Sometimes coiled to increase the number of flux lines cut by the conductor, 
and this results in larger self-induced emf. 


review questions 


- What properties, in addition to resistance, limit the current 
in an a-c circuit? 

- What rule gives the direction ‘of the magnetic field around 
a current-carrying conductor? State the rule. 

) For a conductor moving through a magnetic field, what rule 
gives the direction of the induced emf when the direction of 
the magnetic field is known? State the rule. 

- What factors determine the magnitude of the induced emf? 

- What is self-induction? 

- On what two factors does the magnitude of a self-induced 
emf depend? 

- What is mean by counter emf? By back emf? 

- State Lenz's Law. 

. What determines the direction of the self-induced emf? How 
does Lenz’s Law explain this? 

- How can self-induction be explained from an energy stand- 
point? 
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inductance 


Since, for a given amplitude and frequency of current, the back émf 
developed in a conductor depends on the shape of the conductor, the 
exact relationship between the current, back emf, and the shape of 
the conductor can be expressed mathematically: When the number 
of flux lines produced by the current is multiplied by a constant that 
is determined by the shape of the coil, the product equals the back 
emf produced. The equation for this is 


Eceme=L X number of flux lines 


The constant, L, which depends on the conductor shape, is called the 
inductance of the conductor. 

The inductance of straight conductors is usually very low, and for 
our purposes can be considered zero. The inductance of coiled con- 
ductors, though, can be high, and plays an important role in the analy- 
sis of a-c circuits. 


Resistors oppose all current in a | i 
tesis i nductors oppose changes in curre! 
circuit. They have resistance, de H 


which is abbreviated R EE alee iy VERSES 


Although inductance is actually a physical characteristic of a con- 
ductor, it is often defined in terms of its effect on current flow. This 
definition of inductance is as follows: Inductance is that property of 
an electrical circuit that tends to oppose any change of current through 
the circuit. You can see from this definition that inductance has no 
effect on a steady d-c current. It only opposes changes in current. Coiled 
conductors are usually used in a-c circuits to deliberately introduce in- 
ductance into the circuit. Such a coiled conductor is called an inductor- 
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This is the symbol for an 


This is the.symbol for an insulating-core inductor or 
iron-core inductor an air-core inductor 
indi : 
uuauctors 


Basically, all inductors are made by winding a length of conductor 
around a core. The conductor is usually solid copper wire coated with 
enamel insulation; and the core is made either of magnetic material, 


"such as powdered iron, or of insulating material. When an inductor 


is wound around an insulating core, the core is used only for a support, 
since it has no magnetic properties. If heavy wire ds used in making 
the inductor, a core is actually not needed; the rigid loops of wire sup- 
port themselves. When a magnetic core is not used, the inductor is 
usually referred to as an air-core inductor. 

Inductors with set values of inductance that cannot be changed 
are called fixed inductors. Inductors whose inductance can be varied 
over some range are called. variable inductors. Usually, variable in- 
ductors are made so that the core can be moved into and out of the 
winding. The position of the core then determines the inductance 
value. . 

Inductors are also frequently called chokes or coils. All three of these 
EN mean the same thing, and you should be familiar with each of 

em. 


Decrease 
Inductance 


Iron Core ` nf 


This is the symbol for a 
variable inductor 


VARIABLE INDUCTOR 


Increase 
Inductance 
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FACTORS AFFECTING INDUCTANCE : 
Low Inductance High Inductance 


Number 
of Turns 


Core 
Permeability 


Core Cross-Sectional 
Area 


Core Length and 
Spacing of Turns 


High inductance is obtained with a reasonably small inductor by winding the wire 
around the core in many layers d 


factors determining inductance ' 


The physical characteristics, or geometry, of both the core and the 
windings around the core affect the inductance produced. Inductors 
with magnetic cores have much greater inductances than those with 
insulating or air cores. The reason is that all of the flux lines produced 
by an inductor pass through the core; and in doing so, magnetize the 
core, if it is made'of magnetic material. 
field of the core then add to and stren 
winding, and therefore, a greater cemf is produced. For a given number 
of turns in the inductor winding, a core with a larger cross-sectional 
area will produce more flux lines. Also, the longer the core is for a given 
number of turns, the less flux lines it will produce. The inductance, 
therefore, is directly proportional to the cross-sectional area of the core, 


and inversely proportional to its length. 


The number and Spacing of the individual turns of wire in an in- 
ductor also greatly affect the inductance. 


The flux lines of the magnetic 
gthen the flux lines created by the 


The more turns there are, the 


Tus 0.42 IN* uA. 
l 
where N is the number of turns; u is the core permeability, which is 
high for magnetic materials and low for other materials; A is the core 
cross-sectional area; and Lis the core length. ^ 
For every magnetic core material there is à point where the core 
becomes saturated; then even large changes in current cannot increase 
flux, and very little cemf is produced. 
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inductance values and cemf: 


Inductance is actually a measure of how much counter emf is gen- 
erated in a circuit or component for a certain change in current through 
that circuit or component. In other words, it is the amount of cemf 
produced for a unit change of current. The unit of inductance is the 
henry, named in honor of the American physicist Joseph Henry, who 
shares the honor of the discovery of induction with Michael-Faraday. 
The henry is defined as follows: A conductor or coil has an inductance 
of one henry if a current that changes at the rate of one ampere per 
second produces a cemf of 1 volt. Therefore, the greater the inductance, 
the greater the henrys. The abbreviation for the henry is h. 

The henry is a fairly large unit. For this reason, inductance is often 
given in the smaller units of the millihenry and the microhenry. One 
millihenry is 1/1000 of a henry, and one microhenry is 1/1,000,000 
of a henry. The millihenry is abbreviated mh; the microhenry ph. 

Since the amount of cemf produced is part of the definition of the 
henry, you can actually calculate the cemf that an inductor generates 
in a circuit when you know its inductance value, and the amplitude 
and frequency of the current. One form of the equation for cemf is 

cemf = —L( AI/At ) 
The minus sign indicates that the cemf is opposite in polarity to the 
applied voltage. The AI term, pronounced “delta I,” is the change in 
current that takes place in a time of At, which is the change in time. 
As an example of the use of the equation, consider the cemf developed 
by an inductor having an inductance of 10 henrys when the current 
changes from 5 to 3 amperes in 1 second. > 


cemf = —L AL = —10 ENa —20 volts 
At 1 


You can see that by changing either the inductance (L) or the rate 
of change of the current (AI/At), which is the frequency, various 
values of cemf can be obtained. The table below shows how the cemf 
would rise as the rate of change of the current was increased. 


ee at e T AUT ee ATE E 


L (HENRYS) 1 (AMPERES) t (SECONDS) cemf (VOLTS) 
1 J 1 1 
1 1 1/2 2 
1 1 1/4 4 
y 1 1/10 10 
1 1 1/20 20 
1 1 1/50 50 
1 1 1/100 100 
iv d 1 1/500 500 
1 1 1/1000 1000 
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inductive d-c circuits 


In a d-c circuit, the only changes in current occur when the circuit 
is closed and when it is opened. If the circuit contains only resistance, 
these changes can be considered as instantaneous. Thus, when the 
circuit is closed, the current instantly increases from zero to its maxi- 
mum value. And when the circuit is opened, the current instantly 
drops to zero. If inductance is added to a d-c circuit, say in the form of 
an inductor, the current can no longer change instantly. When the 
circuit is closed, the current tries to increase instantly, but is opposed 
by the back emf generated by the inductor. So instead of increasing 
instantly, it takes a definite amount of time for the current to reach 
its maximum value. The greater the inductance, the larger is the back 
emf produced, and so the longer it takes the current to reach its maxi- 
mum. | Y ; 

The situation is identical when the circuit is opened and the current 
tries to decrease to zero instantly. The back emf opposes the change, 
and so the current decreases to zero gradually. The waveform of any 
d-c current change through an inductor has the same basic shape, 
regardless of the values of current and inductance. This waveform 
shows that the current; changes rapidly at first, and then gradually 
changes less and less; until it reaches its maximum value if it is an 
increasing current, or zero if it is a decreasing current. Because of 
its shape, this waveform is called an exponential waveform, or curve. 


D-C Current Through an Inductance 


Rising from Zero to Maximum 


Dropping from Maximum to Zero 


Maximum Maximum: 


Current 
Current 


Time Time 


In a d-c circuit containing inductance, the The current follows an exponential 
current follows an exponential waveform waveform when it changes from maximum 
when it changes from zero to maximum lo zero (circuit opened) 7 
(circuit closed) ; 


At all times when the cur 


tent is not changing, the inductance 
no effect on the circuit r Bing, the Inductantce ras 
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100% 


Percent Remaining 
of Maximum Current 


© 
T 
$ 
5 
a 
1Time Time 1 Time Time 
Constant E Constant 
In 1 time constant the current increases In 1 time constant the current falls 63.2% 
from zero to 63.2% of its maximum value from its maximum value, leaving 36.8% 


inductive time constant 


In a d-c circuit containing inductance as well as resistance, the 
current changes gradually betwéen zero and maximum, and between 
maximum and zero. Regardless of the values of inductance and re- 
sistance in the circuit, these changes always follow a similar pattern. 
Initially, the change is greatest, and then it gradually tapers off until 
the current reaches its constant value, which is either its maximum 
or zero. During these changes, a relationship exists between the values 
of current reached, and the time it takes to reach them. This relation- 
ship is expressed by a quantity called the time constant. 

The time constant is defined as the time required for the current 
to either increase to 63.2 percent of its maximum value, or to decrease 
63.2, percent from its maximum value. In any d-c circuit, the: time 
constant depends on the value of the inductance and the resistance. 
The value of the time constant is directly proportional to the inductance . 
and inversely proportional to: the resistance. If these two quantities 
are known, the time constant can be calculated from the equation 


Time constant — inductance/resistance or t—L/R 


With this equation, if the inductance is in henrys and the resistance 
in ohms, the time constant will be in seconds. In actual practice, time 
constants are usually very short. For this reason, they are often 
expressed in milliseconds and microseconds, where one millisecond 
is one one-thousandth (1/1000) of a second, and one microsecond. is 
one-millionth (1 /1,000,000) of a second. Millisecond is often abbrevi- 
ated millisec, and microsecond is abbreviated. sec. 

Once the time constant for a circuit-is known, you can easily figure 
how long it takes for the current to go from zero to maximum, or from 
maximum to zero. This is because, as you can see from the illustration 
on page 3-60, it takes a time equal to five time constants for the cur- 

^ rent to rise to its maximum or drop to zero. E 
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BISINGACURREN In 5 Time Constants, Current Rises to Over 
100 99% of Maximum. This is Effectively 100% 


94.9 
3 Rises 63,255 
of remaining 5.1% 
oF a total of 98.1% 
63.2; Rises 63.2% 


of remaining 36,8% 
or a tota) of 86.4% 


Rises 63.2% 
of remaining 1.9%. 
or a total of over 995 


Percent of Maximum Current 


Rises 63,2% 
of remaining 13.6% 
or a total of 94.9% 


lTime 2 Time 3 Time 4 Time 5 Time 
Constant Constants Constants Constants Constants 
In each time constant, the current increases to a value 
63.2% closer to its maximum value 


FALLING CURRENT 


Falls 63sce In 5 Time Constants, Current Falls to Less 
i dd Than 1% of Maximum. This is Effectively Zero 


Percent Remainin 
of Maximum Current 


Falls 63.2% 
of remaining 
36,85. to 13.6% 


365 PS 63.2% 
Falls 63. of remaining 
E Ton. 5.1550 1.9% 
13,6% to 5.1% | Fails 63.2% 
13.6 | of remaining 
ni ¥ 1.9% to Jess than 1% 
19 
0 


“1 Time 2Time 3 Time 4 Time 5 Time 
Constant Constants Constants Constants Constants 


In each time constant, the current decreases to a value 
63.2% closer to zero 
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effect of increasing 
or decreasing inductance 


The amount of inductance in a d-c circuit determines kow long it 
takes the current to build up to its maximum value when the circuit 
is closed, as well as how long it takes the current to drop to zero when 
the circuit is opened. If there is no inductance in the circuit, the cur- 
rent changes are for all practical purposes instantaneous. The effect 


Maximum 


Current 


g Bn 
Time (Sec) 
Increasing the inductance in a dc circuit increases the circuit 


time constant, and, therefore, increases the time it takes the 
current to change between its zero and maximum values 


1E2034 


of adding inductance is to create a delay in the time it takes the cur- 
rent to. change. The more inductance added, the longer it takes the 
current to change. The exact relationship between the inductance and 
the time required to change is given by the equation for the inductive 
time constant, t= L/R. For-example, if the resistance of a circuit 
is 10 ohms and the inductance is 2 henrys, the circuit time constant is 


t —L/R — 2 henrys/10 ohms = 0.2 second 


And since the current changes from zero to maximum or vice versa 
in 5 time constants, it takes 5 X 0.2 second, or 1 second, for such a 
change. If the inductance is increased to 4 henrys, the circuit time 
constant becomes p 


t= L/R = 4 henrys/10 ohms = 0.4 second 


And 5 time constants equal 5 X 0.4 second, or 2 seconds. Thus, 
doubling the inductance, doubles the time it takes the current to 
change between its two values. Similarly, if the inductance is tripled, 
the time will þe tripled. And if the inductance is cut in half, the time 
will also be halved. 


` 
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Unlike a d-c circuit, in which the current only changes when the cir- 
cuit is opened and when it is closed, in an a-c circuit the current changes 
frequently. For sinusoidal-type ac, the current changes almost con- 
stantly, varying in magnitude continuously, and reversing direction 
periodically. Since this is the most common type of ac, and the type 
which forms the basis of a-c circuit theory, the rest of this yolume will 
apply to ac that varies as a sine wave, unless otherwise stated. 


/ 


In an a-c circuit, the inductance of the coil 
always has an effect 


In a d-c circuit, once the current reaches its 
maximum steady value, only the d-c resist- = 
ance of the coil has an effect 


/ 


Inductance affects the operation of pure d-c circuits only at the in- 
stant they are opened and the instant they are closed. In an a-c circuit, 
on the other hand, the current is always changing, and the inductance 
is always opposing the change. The inductance, therefore, has a con- 
stant effect on circuit operation. Thus, from the time the Switch in the 
circuit is closed until it is opened again, inductance affects the circuit 
operation. : 

The circuit shown contains only inductance. Actually, this can never 
be, since the source, the connecting wires, and the inductor all must 

- have some resistance. However, if these resistances are very small and 
have a much smaller effect on the circuit current than does the induct- 
ance, the circuit can be considered as containing only inductance. 
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a-c voltage 
and current relationships 


In any a-c circuit that contains only inductance, there are three vary- 
ing quantities with which you will normally be interested. These are 
(1) the applied voltage, (2) the induced back emf, and (3) the circuit 
current. You will remember that if an a-c circuit has only resistance, 
the voltage and current in the circuit are in phase. If the circuit has 
inductance instead of resistance, this is no longer true. The back emf 
and time delay generated by the inductance destroys the in-phase re- 
lationship between the applied voltage and the circuit current. The 
applied voltage and the current are, therefore, out of phase. Further- 
more, the back emf is out of phase with both the applied voltage and 
the current. 

The phase relationships in an inductance can most easily be under- 
stood by considering first the current and the back emf. You know 
two things about the current and the back emf. One is that the cemf 
is maximum when the rate of change of current is the greatest, and 
is zero when the current is not changing. The reason for this is that 
when the current changes rapidly, the flux lines expand or collapse 
rapidly, and so there is a greater relative motion between the con- 
ductor and the magnetic field. The second relationship is that the 
direction of the cemf is such that it always opposes the current change. 


i ; (A) 


Maximum Rate of Change 


F Y Zero Rate of Change. 
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ac voltage 
and current relationships (cont. ) 


Waveform A, on page 3-63, shows one cycle of a-c current. The rate 
of change is greatest where the slope of the waveform is greatest. You 
can see that this occurs at those points where the waveform passes 
through zero; or at 0, 180, and 360 degrees. This means that the most 
cemf is generated at 0, 180, and 360 degrees, as shown on the wave- 
forms in B on page 3-63. Around 90 and 270 degrees, the current 
changes very little; as a matter of fact, at exactly 90 and 270 degrees, 
where the current changes from rising to falling, the current is mo- 
mentarily steady. Therefore, the flux lines do not change at those points, 


Applied Voltage (C) 


Current 


and no cemf is induced. Since at 0 degrees the current is passing 


through zero in a positive direction, the cemf must be maximum in the 
negative direction, inasmuch as it always opposes the increase in 
current. Similarly, when the current begins to decrease, at 90 degrees, 


Applied Voltage (D) 


Back 


In an inductance: (1) the ap- 
plied voltage leads the current 
by 90°; (2) the back emf lags 
the current by 90°; and (3) the 
applied voltage and the back 
emf are 180° out of phase 


Current 


ce 


the cemf must be increasing in the positive direction to aid the current 
flow. As shown, therefore, the cemf follows Lenz's Law by lagging the 
current by 90 degrees. You know that the applied voltage is 180 de- 
grees out of phase with the cemf, and so the applied voltage must lead 
the current by 90 degrees. This is shown on the waveforms in C 
on this page. The relationships between all three quantities (current, 


cemf, and applied voltage) are shown on the waveforms in D on 
this page. 
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inductive reactance 


In a d-c circuit with a fixed applied voltage, the amount of current 
that flows depends on the resistance of the circuit, which opposes the 
flow of current. In an a-c circuit that has only resistance, the same is 
true. But, in an a-c circuit that only has inductance, the amount of 
current that flows is determined by the cemf, which counteracts the 
applied voltage to oppose current flow. The cemf acts just like a re- 
sistance to limit current flow. But cemf is discussed in terms of volts, 
so it cannot be used in Ohm’s Law to compute current. However, the 
effect of cemf can be given in terms of ohms. This effect is called 
inductive reactance, and is abbreviated X;, Since the cemf generated 
by an inductor is determined by the inductance (L) of the inductor, 
and the frequency (f) of the current, the inductive reactance must 
also depend on these things. The inductive reactance can be calculated 


by the equation: 
X = 27fL 


where X, is the inductive reactance, in ohms; the value of 27 is ap- 
proximately 6.28; f is the frequency of the current, in cycles per second; 
and L is the inductance, in henrys. The quantity 27f together actually 
represents the rate of change of the current. 


In a purely inductive circuit, inductive reactance . 
has the same effect as resistance in either a d-c 
circuit or an a-c resistive circuit a 


You can see from the equation that the higher the frequency or the 
greater the inductance, the more will be the inductive reactance. Like- 
wise, the lower the frequency or the inductance, the smaller will be 
the inductive reactance. 


forL forL 

The current through 

an inductance changes 
nonlinearly with frequency 


Inductive reactance 
changes linearly with 
frequency and inductance 
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In a-c circuits that contain only inductance, the inductive reactance 
is the only thing that limits current flow. Such circuits can be solved 
by Ohm's Law merely by using the inductive reactance in place of the 
resistance. Therefore, I= E/X;. An important difference, though, is 
that a particular value of inductive reactance applies only to one spe- 
cific frequency. Thus, if you calculated the inductive reactance in a 
circuit for a frequency of 30 cps and then used this value to find the 
circuit current, the result would hold only if the frequency was con- 
stant. If the frequency changed, the inductive reactance would change, 
and so also would the circuit current. With only resistance, as you 
know, the frequency has no effect on the basic resistance. 


Inductive Reactance Is Directly Proportional to Inductance and Frequency 


X, = 2:fL 
| bow LAMP GLOWS tate 
Inductance BRIGHTLY SUBE Ls) 
Medium LAMP GLOWS Medium- 
Inductance DIMLY Frequency 
Source 

High LAMP DOES f 
Inductance NOT GLOW diets 


INDUCTIVE A-C CIRCUITS 3-67 


series and parallel inductors 


To meet circuit requirements, it is frequently necessary to connect 
inductors in series or in parallel. When this is done the total inductance 
is calculated in exactly the same way as you calculate the total re- 
sistance of series and parallel resistors. For'series inductors, this means 
that the total inductance is the sum of the inductances of the individual 
inductors. In the form of an equation, this is expressed as: 


Lyor-—Li-lLlsc Lb... .* etc. 


For parallel inductors, all of the methods described in Volume 2 for 
finding the effective resistance of parallel resistances can be used. 
.The general method, which you remember applies in all cases, is the 
reciprocal method. For parallel inductors, this method is expressed as: 


1 
Lror = 1 1 1 


L, L L; 


5H 


Total Inductance: 


Sto ere bretc: 


Total Inductance: 


d SEEEN 
bor 55 + Lg + l3 Long, ERAL 
Total Inductive Reactance: Ly Lg ly 
UTOT S Xu + XL2 * Aus Total Inductive Reactance: 
The total inductance or inductive reactance of series and parallel XL ToT = 1 1 1 
inductors is calculated the same as the total resistance of series Xx pw ut 
and parallel resistance combinations L1 L2 L3 


The total inductive reactance of series and parallel combinations 
of inductors can be found using the same methods used to find the 
total inductance, Or, the total inductive reactance can be found by first 
determining the total inductance and then calculating the total in- 
ductive reactance of this single inductance. 

The methods just described for finding the total inductance of series 
and parallel inductors assume that the inductors are physically placed 
so that the flux lines from each inductor do not cut the windings of 
the other inductors. This cutting of the windings of one inductor by 
the flux lines of another is called mutual induction. 


1 
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solved. problems 


10 Volts = 
A seat 10 mh 10 mh 
200 Ohms 
(A) (B) 


Problem 5. In which of these circuits is the current the greatest? 

In circuit B, the applied voltage is 10 volts and the total circuit d-c 
resistance is 200 ohms. Theoretically, the inductor has no effect on the 
d-c current once the current has reached its maximum, or steady-state 
value. You can, therefore, consider the 10-millihenry inductor as a 
Short circuit to the d-c current since it has negligible resistance. The 
current in circuit B is calculated simply by Ohm's Law: 


I = E/R = 10 volts/200 ohms = 0.05 ampere 


(In actual practice, inductors do have some d-c resistance, since they 
are made of turns of wire. A 10-mh inductor, though, can be considered 

` as having an insignificant d-c resistance in the problem.) 

Circuit A is a purely inductive circuit; and so Ohm's Law can be 
used to find the current by using the inductive reactance of the inductor 
in place of resistance. First, then, you must calculate Xy: 

Xj, = 2mfL = 6.28 X 60 cps X 0.01 h = 3.748 ohms 


Notice that the inductance value of 10 mh was converted to the basic 
unit of the henry before the equation was solved. This must always be 
done. If the frequency had been given in kilocycles or megacycles, it 
also would have had to been converted to its basic unit (cps). 

Once X, is known, use Ohm's Law to find the circuit current. Actu- 
ally, since you know the voltage applied to both circuits, and the oppo- 


sition to current flow in each, you should realize that more current will ° 


flow in circuit A than in circuit B. This is obvious, inasmuch as Ohm’s 
Law says that for the same voltage, less resistance will allow more 
current to flow. If you wanted to calculate the current in circuit A, 
though, it would be: 


I=E/X,,= 10 volts/3.75 ohms = 2.66 amperes 


In the above problem, an important assumption was made that the 
10 volts given for the source voltage of circuit A was an rms value. If 
it were not, the current in circuit A would bear no relationship to the 
current in B, and therefore the two currents could not be compared. 


' 
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solved problems (cont.) 


— nee - 


= QR 


Problem 6. How long will it take the current in ‘the circuit to 
reach its full value? 

Once the switch is closed, it will take a time equal to 5 time con- 
stants for the current to reach its full value. One time constant, t, 
equals the inductance, in henrys, divided by the resistance, in ohms. 


Therefore, 
t= L/R = 0.005 henry/1 ohm = 0.005 second 


Thus, 5t — 0.025 second 


Problem 7. What is the total inductance in the circuit? 

A series-parallel combination of inductances is reduced to a single 
equivalent inductance, the same as a series-parallel combination of 
resistances would be reduced, by applying the reciprocal method. 


1 1 
Dasa = Uu p Uae 1 nen I 1 
La Ey R 6 3 2 
1 1 
= ? 9 3 orm 1 henry 
6 Gy Se 6 


This reduces the original circuit to two series inductances. The total 
circuit inductance is now found by simply adding L, and Lesu: 


Drow = Lit Lasa = 34+ L=4 henrys 


The total inductance of the four series-parallel inductances is, there- 
fore, 4 henrys. 
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summary 


Counter emf voltage can be calculated by: E... = L X number of flux lines, 

where L is the inductance of the conductor. O Inductance is that property of 
san electrical circuit that tends to oppose any change in current through the 
circuit. E] Inductance is measured in henrys. Other units are the millihenry, 
mh; and the microhenry, uh. O Coiled conductors that are inserted into a cir- 
:cuit to deliberately add inductance are called inductors. O Inductors are 
sometimes called chokes or coils. I] A coil is said to be saturated when 
even large changes in current cannot increase the flux, and very little cemf 
is produced. 


O Counter emf can be found by: cemf = —L(A I/A t). O When an inductor 
is placed in a d-c circuit, the current will increase in the shape of an exponen- 
tial waveform. The reverse happens when the circuit is opened. [] The time 
required for the current to increase to 63.2 percent of its maximum value or 
to decrease to 63.2 percent from its maximum value, is defined as the time 
constant. 


O The inductive time constant is equal to: t = L/R. O Steady state is reached 
after five time constants. Inductance in an a-c circuit has a constant effect 
on circuit operation: the applied voltage leads the current by 90 degrees, and 
the cemf lags the current by 90 degrees. 


review questions 


- Define inductive time constant? 

. How many time constants does it take for the current to 
reach 63.2 percent of its maximum value in a d-c circuit? 
3. In what units are time constants measured? 

4. What is the total inductive reactance of three coils in series 
whose reactances are 5, 5, and 10 ohms? 

5. What would be the total inductive reactance for the coils in 
Question 4 if they were in parallel? 

6. What is the inductive reactance of a 10-millihenry coil at 
frequencies of 100 cps, 1000 cps, 10 kc, 100 kc, and 1 mc? 

7. What is the phase relationship between current through, 
'and the voltage across, an inductor? Why is this so? 

8. What is the value of the time constant for a circuit consist- 
ing of a 5000-ohm resistor and a coil having an inductive 
reactance of 1.884 ohms at 60 cps? 

9. It takes 10 seconds for the current to drop to zero after the 
switch is opened in a d-c circuit consisting of a battery, 
switch, resistor, and coil. What is the circuit time constant? 

10. If the value for the resistor of Question 9 is 100 ohms, how 

many 40-henry inductors are needed to provide the induc- 
tance? Are they connected in series or in parallel? 


L 
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Primary Flux PRIMARY SECONDARY Secondary Flux 
(Cuts Primary and z (Cuts Primary ` 
Secondary Turns) Y and Secondary Tums) 


ÁN -— Secondary 

CUN 1 _ Voltage 
Primary 7 | 
Voltage L4 


Source 


Pian (t Secondary 
urent A, 1 Current 
i 7 > Te RITE E 
Varying magnetic field — Mutual induction makes it possi- Magnetic field produced by 
induces voltage in ble to transfer energy from one induced secondary current, 
circuit to another by means of a itself induces voltage back 


seconda 
ny changing magnetic field into primary 


mutual induction 


Self-induction in a coil or conductor is actually an induced back 
emf,ewhich is generated when the magnetic field caused by the cur- 
rent flow cuts the coil or conductor. If the flux lines from the expand- 
ing and contracting magnetic field of one coil were to cut the windings 
of another nearby coil, a voltage would also be induced in that coil. 
The amount of emf induced in this way depends on the relative posi- 
tions of the two coils. Also, the more turns of the second coil that are 
cut by the flux lines from the first, the greater will be the emf that is 
induced. This inducing of an emf in a coil or conductor by magnetic 
flux lines generated in another coil or conductor is called mutual in- 
duction. The coil in which the flux originates is called the primary, or 
primary winding, and the one in which the emf is induced is called 
the secondary. Similarly, the current that flows through the primary 
is the primary current, and if the secondary is connected to a load so 
that current flows, this current is called secondary current. 

When current flows in the secondary, it sets up its own magnetic 
field, which induces a voltage back into the primary winding. Thus, 
when mutual induction occurs between two coils, there are four voltages 
present. These are (1) the applied voltage in the primary, (2) the 
self-induced emf in the primary, (3) the induced emf in the secondary, 
and (4(f the emf induced back into the primary by the secondary cur- 
rent. Therefore, the actual or effective overall, inductance of two coils 
that are mutually coupled is complex because of the complex inter- 
actions between the magnetic fields. This effective inductance of two 
coils that are mutually coupled is called mutual inductance. 


N 
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° 
mutual inductance 
Mutual inductance can be considered as the amount or degree of 
- mutual induction that exists between two coils or windings. The mutual 
inductance of any two coils depends on the flux linkage between the 
coils, which in turn depends on their positions relative to each other. 
The degree of flux linkage is expressed by a factor called the coefficient 
of coupling. When all of the flux lines from each coil cut, or link, the 
other coil, the coefficient of coupling is 1, which is the maximum value. 
If only some of the flux lines from each coil cut the other, the coeffi- 
cient of coupling has some value less than 1. You can see then that 
when no mutual inductance exists between two coils, the coefficient 
of coupling between the two is 0. When the value of the coefficient 
of coupling is close to 1, the two coils are said to have tight coupling; 


and when the value is much less than 1, the coils have loose coupling. 


The term critical coupling is used to describe the dividing line between 
loose and tight coupling. 


Mutual Inductance Between Coils Depends Upon Coefficient of Coupling 


; HIGH : 
Maximum coupling (unity or 1) 
occurs when all the flux from 
each coil cuts all the turns 
of the opposite coil 


Low ZERD 
No coupling occurs when there is } 
Minimum coupling occurs when no mutual inductance between 
two coils are at right angles the coils 


When the coefficient of coupling between two coils is known, the 
total inductance of the coils is found by multiplying the values of in- 
ductance of the coils, taking the square root of the result, and multiply- 
ing it by the coefficient of coupling. As an equation, this is given by: 


M=k VE; XL, 


where M is the total inductance of the mutually coupled coils, in henrys; 


k is the coefficient of coupling; and L, and L., are the individual in- 
ductances of the coils, in henrys. i 
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Transformer 


Applied 
Voltage 


In a transformer, electrical energy is 
transformed from the primary circuit 
to the secondary circuit by means of a 
the mutual inductance between the 
transformer windings. The sequence 
of this energy transfer is 


APPLIED PRIMARY MAGNETIC INDUCED SECONDARY ENERGY 
VOLTAGE CURRENT FIELD > SECONDARY CURRENT TO LOAD 
EMF 


the transformer 


When mutual induction exists between two coils or windings, a 
change in current through one induces a voltage in the other. Devices 
which make use of this principle are called transformers. Every trans- 
former has a primary winding and one or more secondary windings. 
The primary winding receives electrical energy from a power source 
and couples this energy to the secondary winding by means of a 
changing magnetic field. The energy appears as an emf across the sec-: 
ondary winding, and if a load is connected to the secondary, the energy 
is transferred to the load. 

By means of transformers, electrical energy can be transferred from 
one circuit to another, with no physical connection between the two. 
The energy transfer is accomplished completely by the magnetic field. 
The transformer thus acts as a coupling device: Transformers are also 
indispensable in a-c power distribution, since they can convert elec- 
trical power at a given current and voltage into the equivalent power 
at some other current and voltage. 


Applied 
Voltage 
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transformer operation 
with open secondary 


You will remember that when mutual induction exists between two 
coils, not only does the current in the primary coil induce a voltage 
in the secondary coil, but the resulting current in the secondary coil, 
in turn, induces a voltage back into the primary coil. This occurs in a 
transformer, and it is in large part responsible for how a transformer 
works. However, for ease of understanding, transformer operation 
will first be described for the case of a transformer having an open 
secondary. No current flows in the secondary. in this case, and so no 
voltage is induced back into the primary. After the description of how 
a transformer with an open secondary works, a complete transformer, 
with current flowing in both the primary and the secondary, will be 
described. 

In a transformer having an open secondary, the primary operates 
essentially-the same as an inductor. This means that the primary cur- 
rent lags the applied voltage by 90 degrees and at the same time leads 
the back emf by 90 degrees. The applied voltage and the back emf 
are thus of.opposite polarity. Most transformers are designed to have 
large back emf's in the primary when the secondary is open, so the 
primary current is therefore ‘very low. As the magnetic field around 
the primary winding, caused by the changing current through the 
primary, alternately expands and collapses, it cuts the turns of the 
secondary winding, thereby inducing a voltage in the secondary. The 
voltage induced in the secondary is maximum when the rate of change 
of the primary current is greatest (0, 180, and 360 degrees), and zero 
when the primary cutrent is not changing (90 and 270 degrees), When 
this relationship is plotted, as on page 3-75, you.can see that the sec- 
ondary voltage lags the Primary current by 90 degrees. Since the 
primary applied voltage leads. the primary current, the secondary 
voltage is therefore 180 degrees out of 


phase with the primary voltage. 
It is also in phase with the back emf in the primary. 


Sometimes, dots are used to 
C indicate the in-phase terminal 


Usually, the letter T desig- 


of the two windings. The 
nates a transformer, with P as s Schematic symbols alone do 
the primary, and S$ as the not show phase relationships 
secondary, or secondaries because extemal wires can 
i B p be crossed to make the out- 


put in phase with the input 
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voltage and current 


PHASE RELATIONSHIPS IN TRANSFORMER WITH UNLOADED SECONDARY 


Voltage Applied 
to Primary 


Lead primary current by 90° 


e 180° out of phase with back emf 
180° out of phase with secondary voltage, 


Primary Current 
Lags applied voltage by 90° 


e Leads back emf by 90° 
Leads secondary voltage by 90° 


Back EMF Induced 
in Primary 
. 
e Lags primary current by 90° 


180° out of phase with applied voltage 


e In phase with secondary voltage 


Secondary Voltage 
e Lags primary current by 90° 


* 180° out of phase with applied voltage 


e In phase with back emf 


i itage Primary - 
Primary, Volta Current 


Il 
Prin Back m 
S RT Voltage 
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transformer operation 
with loaded secondary 


When a load is connected to the secondary of a transformer, current 
flows in the secondary. As in any inductance, the current through the 
secondary winding lags the secondary voltage that produces it by 90 
degrees. Therefore, since the secondary voltage, as you remember, lags 
‘the primary current by 90 degrees, and the secondary current lags 
the secondary voltage by 90 degrees, then the secondary current is 180 
degrees out of phase with the primary current. As the secondary cur- 
rent changes, it generates its own magnetic field, whose flux lines 
oppose those of the magnetic field created by the primary current. 
This reduces the strength of the primary magnetic field, and as a result, 
less back emf is generated in the primary. With less back emf to oppose 


When there is no current flowing in the secondary of a transformer, 
very little current flows in the primary. But, when current flows in the 
secondary, the current in the primary goes up in direct proportion 
to the secondary current 


Flux Lines Generated By Flux Lines Generated By 
Primary Current 


Flux Lines Generated 


Primary Current , By Secondary Current 


Current Current 


Current Current 
Meter 


Meter Meter 


With an open Secondary, only flux lines caused Secondary current produces flux lines that 
by primary current exist. The primary current is oppose those caused by primary current. This 
limited by the back emf, which is normally quite Causes a decrease in back emf, and a re- 


large sulting increase in primary current 


the applied voltage, the primary current increases. The amount of in- 
crease is in direct proportion to the current flowing in the secondary. 
Thus, when secondary current in a transformer increases, the primary 
current automatically also increases. And when secondary current de- 
creases, the primary current does likewise. You can see, then, that if 

. the secondary of a transformer should become shorted, too much cur- 
rent would flow in the primary as well as in the secondary. Not only 
would the transformer burn out, but there is a possibility that the 
source supplying power to the primary would also be damaged. 
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voltage and current 


Voltage 


Current 


PHASE RELATIONSHIPS IN TRANSFORMER 
WITH LOADED SECONDARY Voltage 

R Applied to 

Primary 


Secondary 
Voltage 


____ Primary 
Back EMF 


Voltage Induced 
—— —— — in Primary by 
Secondary Current 


Secondary 
c Current 


Primary 
< Current 


The secondary current is 180° out of phase with the primary current. 
The secondary current induces a voltage in the primary that opposes 
the back emf of the primary. This causes the back emf of the primary 
to decrease, and allows more primary current to flow 
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effect of load on phases 


The 90-degree phase difference (between the voltage and current in 
both the primary and the secondary) actually only exists when the 
secondary current is very small. When the resistance of the secondary 
load is decreased, secondary current increases. This is often called 
increasing the load. This makes the secondary circuit become more re- 
'sistive. With a more resistive load, the phase difference between the 
voltage and current becomes smaller, since they are in phase in a purely 


resistive circuit. The greater the secondary current, the smaller is the 
phase angle. 


No-Load Current Y Medium-Load Current 


As the secondary current increases, it also reduces the back. emf in 
the primary, and the more primary current flows. Since the cemf de- 
creases, the inductive reactance of the primary has been reduced. The 
primary circuit, therefore, also becomes more resistive as current in- 
creases. As a result, the phase angle between the primary voltage and 
current is also reduced. 

In summary, then, when very little current flows in the secondary of 
a transformer that contains a resistive load, the voltage and current in 
both the primary and secondary are 90 degrees out of phase. But as 
the secondary load increases, the phase angle between primary voltage 
and current, and secondary voltage and current becomes smaller (closer 
to 0 degrees). This is more fully explained in Volume 4. 
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primary and secondary power 


A transformer actually transfers electric power from the primary to 
the secondary circuit. The primary circuit draws the power from the 
source, and the secondary delivers the power to the load. The power 
transferred from the primary to the secondary. is determined by the 
current flowing in the secondary, which, in turn, depends on the power 
required by the load. If the load requires a great deal of power, such as 
would be the case for a low-resistance load, a high current will flow in 
the secondary. As you learned previously, this high current will cause a 
decrease in the back emf of the primary, and the primary current will 
increase; this will produce the stronger magnetic field necessary for 
the high secondary current. The transformer thus regulates the power 
transferred from the source to the load in response to the load require- 


ments. 
In an ideal transformer, the power in the primary circuit equals the 


power in the secondary circuit. Since power equals current times volt- 
age, the equation for the relationship between the primary power (P,) 
and the secondary power (P,) in an ideal transformer is 


E, XI, S E, XI, 


Thus, assuming that primary and secondary voltages are equal, which 
is the case when the transformer primary and secondary windings have 
the same number of turns, the primary current will automatically adjust 
to the same value as the secondary current so that the primary and 


secondary powers are equal. 


10 10 20 20 

Watts Watts Watts Matts 
Primary Secoridary Primary Secondary 
Power Power Power Power 


In an ideal transformer, the power in the primary circuit 
equals the power in the secondary circuit 
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turns ratio vs. voltage 
and current 


As was mentioned, an important use of the transformer in power 
transmission is to convert power at some values of current and voltage 
into the same power at some other values of current and voltage. Basi- 
cally, this can be done because with a given applied voltage in the 
primary, the secondary voltage depends on the number of turns in the 
secondary winding as compared to the number of turns in the primary 
winding. When the secondary winding has more turns than the primary, 
the secondary voltage is greater than the primary voltage. A step up in 
voltage, therefore, takes place, and the transformer is called a step-up 
transformer. Likewise, if the secondary winding has fewer turns than 
the primary, the secondary voltage is lower than the primary voltage, 
and the transformer is called a step-down transformer. 


100 
Volts 
(Ep) 


Es = Ep (Ns/Np) = 100 x (1000/50) = 2000 volts Es=Ep (Ns/Np) = 100 x (5/50) = 10 volts 


The reason for this increase or decrease iñ voltage is simple if you 
remember that the voltage induced in ‘any coil is actually the sum of 
the many voltages induced in each loop that the flux lines cut. The 
more loops, therefore, the more individual voltages are induced, and 
the greater is their sum. The exact relationship in an ideal transformer 
between the primary and secondary voltages (E) and their number of 
turns (N) is given by the equation: 


E/N =EN, or  EyJE,—-NJN, 


Therefore, the secondary voltage is equal to: 


N, 
mon (BE) 
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turns ratio vs. voltage 
and current (cont. ) 


The relative number of turns in the windings (N,/N,) is called the 
turns ratio of the transformer, and is usually expressed as a proportion; 
for example, 10:1, 50:1, 1:20, etc. You can see from the equation that 
if the secondary has twice the turns as the primary (turns ratio of 1:2 ), 
the secondary voltage is twice the primary voltage. Similarly, if the 
secondary only has half the turns of the primary (turns ratio of 2:1), 
the secondary voltage is half the primary voltage. 

Since the turns ratio determines the relationship between primary 
and secondary voltages, and since ideally, the power in the primary is 
equal to the power in the secondary, then there must also be a relation- 
ship between the turns ratio and the primary and secondary currents. 
From the power equation (P = EI), you can see that for the primary 
and secondary powers to be equal, the winding with the higher voltage, 
and therefore more turns, must have a lower current in it. Similarly, 
the winding with the lower voltage, and therefore fewer turns, must 
have a higher current. This relationship between the turns ratio and 
the primary and secondary currents is expressed by the equation: 


LXN,-LxN, o  L/L-NjN, 


Therefore, the primary current is equal to: * 


N, 
x) 


lp = ls (Ns/Np) = 1 x (200/50) = 4 amperes 
Eg = Ep (Ns/Np) = 100 x (200/50) = 400 volts 
Pp =Ep X lp = 100 x 4 = 400 watts 


Pg = Eg x lg = 400 x 1 = 400 watts 


1 Ampere 
(lg) 
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turns ratio. vs. voltage 
and current (cont.) 


The equation expressing the relationship between the turns ratio and 
the primary and secondary currents tells us that the cürrent in the 
primary times the number of turns in the primary winding is equal to 
the current in the secondary times the number of turns in the secondary 
winding. The current times the number of turns is often called the 
ampere-turns. And so, the ampere-turns of the primary equals the am- 
pere-turns of the secondary. 


lp *ls (Ns/Np) =5 x (10/50) =1 ampere 
Es = Ep (Ng/Np) = 100 x (10/50) = 20 volts 
Pp =/Ep X Ip = 100 x 1 = 100 watts 


Ps = Es Xl = 20x 5 = 100 watts 


5 
Amperes 
| (Is) 


If you compare the relationships of the turns ratio wi 


th voltages and 
currents, that is 


E,/E, = N,/N, 
and 
L/I,— N/N; 


you can see that the primary-secondary current ratio is the opposite 
i of the primary-secondary voltage ratio. A transformer with a 1:50 step- 
up in voltage, therefore, has a 50:1 Step-down in current. You can see, 
then, that power at one current and voltage can be converted to the 


same power at any other current and voltage by a transformer having 


the appropriate turns ratio. 
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Independent 
Multiple Secondary Windings 


200 Volts 
60 Watts 


In transformers with multiple secon- 


50 dary windings, the power in the pri- 
Volts 50 Volts mary is equal to the sum of the powers 
100 Watts 25 Watts in the individual secondaries: 


=P t Pot Pszt «et etc. 


10 Volts 


15 Watts 


Multiple Secondary Windings 
Connected to Common Load 


PARALLEL SECONDARIES SERIES SECONDARIES 


115 Volts [115 v | 230 Volts 
| 5000 Watts 5000 Watts 


multiple-secondary transformers 


There is a type of transformer that has a single primary winding 
but more than one secondary winding. All of- the secondary windings 
-may be. step-up or step-down windings, or some may be step-up and 
some step-down. The voltage induced in each secondary winding is 
independent of the other windings, and is determined, as in any simple 
transformer, by the primary voltage and the ratio of the number of 
turns of the secondary to those of the primary winding. 

In some applications, the secondary windings are conn 
dividual, independent circuits. In the transmission of elec 
though, it is common=to use transformers having two S$ 
and to connect the secondary windings either in series or parallel. Both 
secondaries then deliver power to the same load. When the windings 
are connected ‘in series, if their polarities are in the same direction, 
their voltages add; they conduct the same current. If their polarities are 
opposing, their voltages will subtract. Secondary windings are usu- 
ally connected in parallel so that greater current can be supplied to a 
load with less loss. 


ected to in- 
tric power, 
econdaries, 
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summary 


Mutual induction exists between two coils when the flux lines generated in 
one coil cut the turns of the other. Mutual induction between two coils is 
given by: M = k VL,Ls. Transformers make use of the mutual inductance 
between two coils, or windings. With an open secondary, the secondary 
transformer voltage is 180 degrees out of phase with the primary voltage. It 
is in phase with the back emf of the primary. When a load is connected to 
the secondary of a transformer, current flows in the secondary. The secondary 
current, in turn, creates a magnetic field, which induces an emf back in the 
primary. © Shorting the secondary can cause the primary to draw excessive 
current, which may damage the transformer. 


O The value of the secondary load has an effect on the phase angles between 
primary voltage and current, and secondary voltage and current. O In an ideal 
transformer, the power in the primary equals the power in the secondary. O 
The ratio of the number of turns in the primary to the number of turns in the 
secondary is called the turns ratio. [] The ratio of the primary to the second- 
ary voltage is equal to the turns ratio. . 


L] The ratio of the secondary to the primary current is equal to the turns ratio. 
O The ampere-turns of the primary is equal to the ampere-turns of the second- 
ary. LI In multiple-secondary transformers, the total power in the primary is 
equal to the sum of the powers of the secondaries. , 


review questions 


1. What is mutual induction? What are its units? 

2. What is meant by coupling coefficient? 

3. What is the mutual inductance of two coils, each having an 
inductance of 14 millihenrys, when the coefficient of cou- 
pling is 0? 1/4? 1/2? 3/4? 1? : 

. What is a transformer? 

- What is the turns ratio of a transformer? 

- What is the phase relationship between the primary and seç- 
ondary voltages of a transformer with an open-circuitéd 
secondary? ; 

7. In an ideal transformer, what is the relationship between 


the power in the primary and the power developed by the 
secondary? 


8. The primary voltage of a transformer with a turns ratio of 
1:9 is 120 volts. What is the voltage across the secondary? 
9, A transformer whose primary draws 2000 watts has five 
equal secondaries. How much power is developed by each 
secondary? 
10. What is meant by ampere-turns? 


lope. 


i 
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types of transformers 


There are many types of transformers in use today. Each type is 
designed, and therefore best suited, for a particular use. They vary 
not only in physical characteristics, such as size and shape, but in 
electrical characteristics and efficiency as well. A complete description 
of all the various types of transformers used is beyond the scope of 
this volume. However, there are certain basic categories into which all 
transformers fall. These categories will be described on the following 


pages. 


TRANSFORMERS VARY IN SIZE AND SHAPE 


Ceramic 
Core 
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iron-core ` 
and air-core transformers 


The two- broadest categories of transformers are iron- and air-core 
transformers. They obtain their names from the materials between the 
primary and secondary windings through which the flux lines travel. 
The windings of air-core transformers are around insulating forms, and 
the flux lines follow a path in air between the windings. Air does not 
offer as good a path for the flux lines as does iron, and so the coupling 
between the primary and secondary windings is less than that obtained 
if an iron core was used. The maximum coefficient of coupling possible 


AIR-CORE 
TRANSFORMER 


Insulating Form 


IRON-CORE 
TRANSFORMER 


The flux lines travel through air in air-core 
transformers 


The flux lines travel through soft or powdered 
iron in iron-core transformers 


with air-core transformers is about 0.65, which is much léss than that 
;provided by iron-core transformers. As a result, the simple primary- 
secondary power ratios do not apply to air-core transformers, since these 
formulas are based on almost perfect coupling. This is explained more 
fully for transformer efficiency, covered later. Generally, air-core trans- 
formers are used only at high frequencies, where iron-core transformers 
are impractical because of the losses that occur in them. 
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iron-core and 
air-core transformers (cont.) 


Iron-core transformers usually have a core made of soft or powdered 
jron.-The windings are wound around the iron core, and the flux lines 
travel through the core between the windings. The flux lines cause the 
core itself to become magnetized in the same direction, and this results 
in a large increase in the total number of flux lines. A high degree of 
coupling is possible with such cores. To further improve the coupling, 
the primary and secondary windings are sometimes wound on top of 
each other. Coefficients of coupling as high as 0.98 can be obtained in 
transformers having iron cores. These high coefficients result in iron- 
core transformers having characteristics close to those of an ideal trans- 
former. These are the transformers that are used for the transmission 
of power. 

There is a type of radio transformer in which the coupling can be 
varied, This is done by changing the positions of the primary and 
secondary windings relative to each other. As explained earlier, when 
the windings are at right angles to one another, there is zero coupling. 
When they are parallel, there is maximum coupling (1.00). In any in- 
between angle, any degree of coupling can be obtained. Another method 
of changing the coupling is to pass a magnetic shield between the wind- 
ings of an air-core transformer. 


A method of increasing transformer coupling is 
to interwind the primary and secondary around 
the core 


TRANSFORMER SYMBOLS 
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the autotransformer 


There is a special type of iron-core transformer which physically has 
only one winding. Functionally, though, the one winding serves ‘as 
both the primary and secondary. This typé of transformer is called 
an autotransformer. When an àutotransformer is used to step up the 
voltage, part of the single winding acts as the primary, and the entire 
winding acts as the secondary. When an autotransformer is used to 
step down the voltage, the entire winding acts as the primary, and 
part of the winding acts as the secondary. 


` The single winding of an autotransformer serves as both the primary and the 
Secondary 


When the voltage is stepped up, part of the When the voltage is stepped down, the entire 
winding is the primary, and the entire winding is winding acts as the primary, and part of the 
the secondary winding acts as the secondary 


The action of an autotransformer is basically the same as the 
standard two-winding transformer. Power is transferred from’ the 
primary to the secondary by the changing magnetic field, and the sec- 
ondary in turn regulates the current in the primary to set up the re- 
quired condition of equal primary and Secondary power. The amount 
of step-up or step-down in voltage depends on the turns ratio between 
the primary and secondary, with each winding considered as separate, 
even though some turns are common to both the primary and sec- 
ondary. 

A disadvantage of the autotransformer is the lack of isolation be- 
tween the primary and secondary circuits. This results from the pri- 
mary and secondary both using some of the same turns. Despite this 
disadvantage, the autotransformer is used in many circuits. because 
it is inexpensive. 
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the adjustable transformer 


Transformers can be made similar to variable resistors, so that their 
output voltages can be set to a specific value. Such transformers are 
used in power line regulators, where it is important to get an exact line 
voltage. Such a transformer generally-uses a sliding contact that can 
be positioned to obtain just the right turns ratio for the proper output 
voltage when the value of the input voltage may not be reliable. This~ 
can be done with a regular transformer, Gr oim an autotransformer. 


INPUT j SEIT INPUT OUTPUT 


The output voltage of either of these transformers can be adjusted 
from 0 to some maximum value 


Another method to obtain the proper output voltage uses a special 
transformer with a tapped winding. Either the primary or secondary 
can be tapped, and a switch picks out the turns ratio. But this method 
does not allow as precise control as does the transformer with the slid- 
ing contact. However, transformers can be made using both these 
methods. For example, a switch with a tapped primary for a coarse 
adjustment, and a sliding contact on the secondary for a fine, or vernier, 


adjustment. 


a : ? £- 


The output voltage of either of these transformers can be adjusted 
within a range to get close to the desired value 
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transformer losses 


You remember that in an ideal transformer the power in the secondary 
is exactly equal to the primary power. This is true for a transformer 
with a coefficient of coupling of 1.0 (complete coupling) and no inter- 
nal losses. In practice, such a transformer cannot be made. The de- 
gree to which any transformer approaches these ideal conditions is 
called the efficiency of the transformer. Mathematically, the efficiency 
is equal to the output (secondary) power divided by the input (pri | 
mary) power. Or, 
output power 100 | 


Effici = 
eC) input power | 


You can see from this equation that when the output and input power 
are equal, the efficiency is 100 percent. The smaller the output power 
is in relation to the input power, the lower is the efficiency. ` 


Ideal Transformer 


power out 


Efficiency (&) = power. X100 


-30 y 100= 100% 


Practical Transformer 


"3 


In any practical transformer, the output power is less than the input power 
and so the efficiency is less than 100%. The lost, or wasted, power is the 
result of transformer losses, and less than complete coupling 


Efficiency (%) = ai 100 


= Too x 100 = 90% 


Since transformer losses reduce the efficiency of a transformer. and 
therefore. represent wasted power, these losses are usually kept to 4 
minimum. This is especially true in the design of iron-core transform 
ers that must deliver large amounts of power. The most common type 
of transformer losses are described on the following pages. 
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copper loss and leakage 


Transformer windings are usually made of many turns of copper 
wire. As with any wire, these windings have resistance. The more 
turns there are to the windings, the longer is the effective length of the 
wire, and so the greater is the resistance. When the primary and sec- 
ondary currents flow through the windings, power is dissipated in the 
form of heat. These I2R losses are called copper losses, and are pro- 
portional to the square of the current and to the resistance. Copper 
losses can be minimized by winding the transformer primary and sec- 
ondary with wire that has:a large cross-sectional area, but this incréases 
the size and weight of the transformer. 


. COPPER LOSSES 


12R Loss I?R Loss 
of Primary j of Secondary 


Copper losses result from the resistance of the wire usèd for the transformer windings 


A source of inefficiency in iron-core transformers results from the 
fact that not all of the flux lines produced by the primary and secondary 
windings travel through the iron core. Some of the lines leak from 
the windings out into space, and therefore do not link the primary and 
secondary. This leakage of the flux lines. represents wasted energy. 


Poe Flux 
L^ 
NON 


Leakage is caused by the fact that not all of the flux lines travel.through the iron core 
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hysteresis loss 


In an iron-core transformer, the core is magnetized by the magnetic 
field created by the current through the windings. The direction in 
which the core is magnetized is the same as the direction of the mag- 
netic field that causes it to become magnetized. Thus, each time the 
magnetic field around the windings expands and collapses, the direc- 
tion in which the core is magnetized also changes. You will remember 
from Volume 1 that each molecule of iron behaves as a small individual 
magnet. To magnetize a piece of iron, all or most of these individual 
magnets must be aligned in the same direction. Therefore, every time 

. the direction of magnetization of the core reverses, the molecules of 
the core turn around to become aligned in the new direction of the 
flux lines. However, the molecules do not follow the reversals of the 
magnetic field exactly. 

When the core is initially magnetized, the molecules are aligned in 
the direction of the field. But when the magnetic field drops to zero, 
the molecules do not return to their original random orientations. As à 
result, although the magnetizing force has dropped to zero, the core 
still retains some of its magnetization. The magnetic field has to re- 
verse direction and apply a magnetizing force in the opposite direction 
before the core returns to its unmagnetized state. The molecules then 
reverse and orient themselves in the new direction of the field. The 
lagging behind the magnetizing force by the molecules is called hys- 
teresis..The energy that has to be supplied to the molecules to cause 
them to turn around and, in effect, try to catch up with the magnetic 
field, is called the hysteresis loss of the core. The more energy that is 
required, the greater is the hysteresis loss. 
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Hysteresis losses depend mainly on the type of core material used. 
Materials that retain a large part of their magnetization after the mag- 
netizing force is removed have high hysteresis losses. These materials 
are said to have a high permanence. ? 

For a given cofe material, hysteresis losses are directly proportional 
to the frequency of the current in the transformer. The higher the 
frequency, the more times per second the molecules of the core material 
must reverse their alignment; and so the larger is the total energy 
required for this purpose. This relationship between hysteresis loss 
andifrequency is one of the main reasons why iron-core transformers 
cannot be used in applications involving high frequencies. 


FLUX DENSITY IN CORE 


MAGNETIZING FORCE 


A hysteresis loop is a curve that shows how the magnetization of a 
material lags behind the magnetizing force. It can, therefore, be used 
to indicate hysteresis loss. On the curve shown, point A corresponds to 
no magnetizing force, and therefore no core flux. 

When the magnetizing force is first applied in the positive direction, 
the curve travels to point B, which corresponds to core flux in the posi- 
tive direction. When the magnetizing force drops to zero (point C), you 
can see that there is still flux in the core in the positive direction. The 
magnetizing force has to reverse direction and reach point D before the 
material is demagnetized (zero flux density). 1 

You can follow the remainder of the first cycle of the magnetizing 
force (D to E), and the complete second cycle (EFGBCDE), and see 
how the magnetization of the core lags behind the magnetizing force. 
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. eddy current loss 


Since the iron core of a transformer is a conducting material, the 
magnetic field of the transformer induces a voltage in the core. This 
voltage then causes small currents to flow within the core. These cur- 
rents are called eddy currents. Eddy currents can be considered as 
short-circuit currents, inasmuch as the only resistance they encounter 
is the small resistance of the core material. Like hysteresis losses, eddy 
currents remove energy from the transformer windings, and so repre- 
sent wasted power. 

Eddy currents in a transformer core are reduced by dividing the 
core into many flat sections, or laminations, with the laminations in- 
sulated from each other by means of an insulating coating applied 
to both sides of the lamination. The eddy currents can then only flow 
in the individual laminations. And since the laminations have very 


small cross-sectional areas, the resistance offered to the eddy currents 
is greatly increased. 


Unlaminated Core 


In an unlaminated core, the eddy cur- 
rents are limited only by the small 
resistance of the core material. 

The currents are, therefore, large 


Large Eddy Current 


: Laminated Core Insulation 
In a laminated core, the eddy currents are con- 
fined to the small cross-sectional area of the 
individual laminations. This increases the 
resistance to the eddy currents, thereby 

keeping them small Small 


Eddy 


The power loss due to eddy currents is proportional to both the 
frequency and magnitude of the current in the transformer. Eddy cur- 
rent losses, like hysteresis losses, therefore limit the use of iron-core 
transformers in applications involving high frequencies. 
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saturation loss 


When the current in the primary of an iron-core transformer in- 
creases, the flux lines generated follow a path through the core to the 
secondary winding, and back through the core to the primary. winding, 
As the current first begins to increase, the number of flux lines in the 
core incredses rapidly. The more the current rises, the greater is the 
number of flux lines existing in the core. When the current has risen 
to the point where there are a great number of flux lines in the core 
(high flux density), additional increases in current produce only a few 
additional flux-lines. The core is then said to be saturated. Any further 
increases in primary current after core saturation has been reached 
results in wasted power; since the magnetic field cannot couple the ad- 
ditional power to the secondary. 


CORE SATURATION 


Before saturation is reached, small 

Changes in current result in relatively 
large increases in the number of flux 
lines in the core 


s 
8 
E 
E 
a Saturation Begins 
3 Somewhere in This Range 
u- 
5 
B8 
E € 
= 
0 
Primary Current 
When saturation is reached, additional Any current in the transformer primary 
incteases in current have little effect on over and above that required to pro- 


duce saturation results in wasted « 
power 


the number of flux lines in the core 
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summary 


E Air-core transformers are wound around insulating forms, and the flux lines 
pass through the air between the windings. The maximum coefficient of 
coupling possible for air-core transformers is 0.65. lron-core transformers 
have as their core iron, which provides a better path for the flux lines. The 
autotransformer has only one winding, which is tapped. A disadvantage of 


the autotransformer is the lack of isolation between the primary and secondary 
circuits. 


Variable transformers have sliding contacts or different taps. This permits 
the transformer to have various voltages, depending on where the slide is set 
or which tap is used. (] The efficiency of a transformer indicates the ratio of 
the output power to the input power. The difference between the trans- 
former's input power and output power is due to the transformer losses. CI 
Transformer losses include: copper loss, leakage, hysteresis loss, eddy current 
loss, and saturation loss. 


Copper loss is due to the heat dissipated in the windings by current flow. 
These are sometimes called I?R losses. [] Leakage is due to some lines of 
flux not linking both primary and secondary. This leakage represents wasted 
energy. © Hysteresis loss depends on the type of core material used. It is 
directly proportional to frequency. Eddy current loss is due to circulating 
currents or short-circuit currents that flow in the core material. These losses 
are reduced by using insulated laminations for the core. Saturation loss is 


due to the inability of the core material to contain the increased number of 
flux lines when high current flows. 


review questions — 


1. How many, separate windings does an autotransformer 
have? 

2. Does the autotransformer have isolation between the pri- 
mary and secondary? Is this an advantage or disadvantage? 
Why? 

3. When are iron-core transformers used? 

4: What is an air-core transformer? 

5. What is meant by transformer efficiency? 

6. What is the efficiency of an ideal transformer? 

7. What is a hysteresis loop? What does it indicate? 

8, What is meant by I’R losses in a transformer? 

9. What is the difference between hysteresis loss and eddy cur- 
rent loss in a transformer? 

10. What is meant by a saturated core? 
+ 
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RL circuits 


Inductance and inductive circuit components, such as inductors and 
transformers, have been described so far from the standpoint of their 
effects on circuits that contain no resistance. In any circuit, though, 
some resistance is present, even if it is only the resistance of the con- 
necting wires and the transformer or inductor windings. When the 
circuit resistance is very low compared to any inductive reactance 
present, the resistance can often be ignored. Frequently, though, re- 
sistance is deliberately added to a circuit that contains inductance. 
Both the resistance and the reactance then affect the circuit current 
and must be considered in any analysis of the circuit. 


RL Circuits Contain Resistors 


AA 


Circuits that contain both resistance (R) and inductance (L) are 
called RL circuits. The relationships between the resistance and the 
inductance in RL circuits and their joint effect on circuit operation are 
covered in Volume 4. 


RL Circuits Contain Inductors 
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capacitance and the capacitor 


Capacitance may loosely be defined as the property of an electric 
circuit that enables it to store electric energy by means of an electro- 
static field and to release this energy sometime ‘later. Devices that in- 
troduce capacitance into circuits are called capacitors. Physically, a 
capacitor exists whenever an insulating material separates two. con- 
ductors that have a difference of potential between them. Capacitors 
are items that are manufactured for deliberately adding capacitance 


to a circuit. Capacitance, however, can also.be a byproduct of the ar- 


rangement and location of parts in an electric circuit or system. In 
this case, the capacitance they introduce is usually unwanted. In a 
capacitor, the electric energy is stored in the form of an electrostatic 
field between the two conductors, or plates, as they are usually called. 

Capacitors used to be and are still sometimes referred to as condensers. 


- The term capacitor, however, is more correct. 


.. Insulating 
Material 


Any two conductors, or plates, that 
are separated by an insulating mate- 
rial-can form a capacitor 


m 
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charging a capacitor 


When a capacitor has a potential difference between its plates, it is 
said to be charged. To produce a potential difference, or in other words, 
to charge a capacitor, free electrons are made to accumulate on one 
plate, ànd at the same time free electrons are removed from the other ` 
plate. One plate thus has an excess of free electrons, and the other 
plate has a lack of them. Since electrons are negative, the plate with 
the excess electrons has an overall negative charge, while the plate 
from which electrons were removed has an overall positive charge. A 
difference of potential, or a voltage, therefore exists between the plates. 
This is shown for the case of a simple capacitor that has two metal 
plates separated by air, which acts as an electrical insulator. Before 
the capacitor is charged, both plates are electrically neutral. As you 
remember from Volume 1, this means that they contain an equal num- 
ber of positive charges (protons) and negative charges (electrons). 


Neutral 
Plates 


In an uncharged capacitor, both plates have an 
equal number of electrons and protons, and are, 
therefore, electrically neutral 


When a capacitor is charged, one plate is _ 
supplied with an excess of electrons, and is, 
therefore, negatively charged; meanwhile 
electrons are removed from the other plate, 
so that one is positively charged 


If a rubber rod that has been charged negatively by being rubbed 
with cat's fur is touched to one plate, electrons from the rod will be 
drawn into the plate. The plate then has a negative charge, since it 
has more electrons than protons. If at the same time, a glass rod that 
has been charged positively by being rubbed with silk is touched to 
the other plate, electrons will be attracted from the plate by the rod. 
This plate then has a positive’ charge, because it has more protons 
than electrons. 

In actual circuits, of course, capacitors 
and glass rods. Practical charging sources, 
ators, are used. 


are not charged by rubber 
such as batteries and gener- 
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the electric field 


When a capacitor is charged, one plate is negative and the other is 
positive. Since electrons are attracted by a positive potential, the excess 
electrons on the negative plate would tend to move to the positive 
plate were it not for the fact that the two plates are separated by an 
insulating material. Even though the electrons cannot flow to the posi- 
tive plate, thé electrostatic force that attracts them still exists. This 
force is called the electric field, and can be pictured as lines of electric 
force that exist between the two capacitor plates. The more a capacitor 
is charged, the stronger is the electric field. As the charges are in- 
creased, so also does the electric field and the force of attraction be- 
tween the plates. In actual practice, a capacitor can be overcharged to 
the point where the attraction between the positive plate and the nega- 
tive plate is so great that the electrons will be pulled through the insu- 


lation to the positive plate” When this happens, the insulation is said `- 


to have broken down. : 


Uncharged Capacitor 


Capacitor With 
Some Charge 


To Charging 
Source 


f 


Electric 
Field 


To Charging 
Source 


EEA 


As a capacitor charges, ‘an electric field is set 
up between the plates. The more the capacitor 
charges, the stronger is the electric field. The 


Strong x electrical energy stored by a capacitor is con- 


da tained in the electric field, and shows up as a 


Field Fully Charged Capacitor voltage.actoss the plates 


EEEIEI 


The electric field between the plates of a capacitor can be considered 
as stored energy, and it shows up as a voltage across the plates. The 
voltage will drop if the stored energy is released when the capacitor is 
discharged. This is covered later. 
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charging a capacitor 
in a d-c circuit 


For a capacitor to become charged and thus store electrical energy, 
it must have a difference of potential, or voltage, applied to the plates. 
If this voltage is supplied by a battery, one plate of the capacitor is 
connected to the positive battery terminal, and the other plate, to the 
negative battery terminal. If a switch is placed in the circuit, as shown, 
no voltage is applied to the capacitor as long as the switch is open. 
Consequently, the capacitor plates are neutral, and no energy is stored. 


1 
a 1 With the switch open, position 1, no 
ri Capacitor current flows in the circuit, and the 
Ec Meee . Does Not capacitor does not charge 
dpa Aer era Charge 
1 
Via 


With the switch closed, position 2, 
current flows in the circuit to charge 
the capacitor A 


Electrons Flow From. 
Negative Battery Terminal 


Electrons Flow To + .4]/+ + 
Positive Battery Terminal No Current 
Through Capacitor 


When the switch is closed, electrons flow from the negative battery 
terminal, which has a negative potential, to the capacitor plate to 
which it is connected. The plate thus acquires an excess of electrons, 
or a negative charge. At the same time, the positive battery terminal, 
which has a positive potential, attracts an equal number of electrons 
from the capacitor plate to which it is connected. This leaves the plate 
with a lack of electrons, or a positive charge. 

While the. capacitor is charging, therefore, electrons flow through 
the circuit wires and enter and leave the battery. In other words, current 
flows in the circuit. You should note carefully; though, that although 
current flows in the circuit, it does not flow through the capacitor. 
The current enters and leaves the capacitor, but the insulation between 

. the capacitor plates prevents current from flowing through . the 
capacitor. j 


3-102 CAPACITANCE AND THE CAPACITOR 


charging a capacitor 
in a d-c circuit (cont.) 


As electrons flow into the negative plate of a capacitor and out of 
the positive plate, the increasing electrostatic field causes a voltage to 
be built up across the capacitor. This voltage starts at zero when the 
circuit is first closed, and increases as more and more electrons enter 
the negative plate and a like number leave the positive plate. The 
voltage building up across the capacitor has a polarity opposite to 
that of the battery supplying the current. As a result, the voltage across 
the capacitor opposes the battery voltage. The total circuit voltage, there- 
fore, consists of two series-opposing voltages. 

As the voltage across the capacitor increases, the effective circuit 
voltage, which is the difference betweén the battery voltage and the 
capacitor voltage, decreases. This in turn causes a decrease in circuit 
current. When the voltage across the capacitor equals the battery volt- 
age, the effective voltage in the circuit is zero, and so current flow 
stops. At this point, the capacitor is fully charged, and no further cur- 
rent can flow in the circuit. 

The current that flows while the capacitor is charging is called the 
charging current. From this you can see that the charging current 
and the voltage across the capacitor behave in opposite ways. When 
charging begins, the current is maximum and the capacitor voltage is 
zero. And as the capacitor voltage increases, the current decreases. 


Finally, when the capacitor voltage reaches its maximum value, the 
current is zero 


Open Circuit : 


all No 
] = 0 
= C 
Volts M FII 2n Volts 


Capacitor Charging Capacitor Fully Charged 


Charging Current No Hi 
a : 19 Current 2 10 


— a = 
Volts [i i Charging Current ii + Volts Volts ae Flow + d + Volts 


A capacitor charges until the voltage built up 

across it equals the applied voltage. When the For this reason, a capacitor can never be 
two voltages are equal, the capacitor is fully charged to a higher voltage than the source 
charged, and current stops supplying the charging current 


| 
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Charging 


l 


PA 
Capacitor 
- Fully Charged 
and Holding 
Its Charge Capacitor 
Discharging 
After a capacitor is charged, Current will then flow from the. 
it will hold the charge until a negative to the positive plate, 
discharge path is provided through the discharge path, un- c 
between the two plates til both plates are electrically Discharge 
neutral Path 


discharging a capacitor 


Once a capacitor is charged, it will theoretically hold the charge in- 
definitely. In practice, though, when a charged capacitor is removed 
from its charging source it will eventually lose its charge. This loss 
of charge takes time, however, and sosfor practical circuit applications, 
a capacitor can be considered as holding its charge until it is deliber- 
ately made to return the electrical energy stored in it. The recovering 
of this energy is referred to as discharging the capacitor. 

To discharge a capacitor, all that is required is a conducting path 
between the capacitor plates. The free electrons on the negative plate 
will then flow to the positive potential of the positive plate. In this way, 
the positive plate acquires enough electrons to make it electrically 
neutral, and the negative plate loses enough electrons to make it neutral 
also. With both plates neutral, the capacitor has no voltage across it, 
and is said to be discharged. The flow of electrons from ipu Hogouye 
to the positive plate during discharging makes up what is called dis- 
charge current. The path followed by this current is known as the 
discharge path. 
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discharging a capacitor 
in a d-c circuit 
After a capacitor in a d-c circuit has charged to the value of the 


source voltage, current stops flowing in the circuit. Thus, the circuit is, 
in effect, an open circuit. It remains this way until the capacitor dis- 


charges. The capacitor cannot discharge through the power source, : 


Charge Circuit 


Charge 
Current 


since the polarity of the source voltage is such that. it opposes the 
capacitor voltage. For the capacitor to discharge, therefore, some other 
discharge path must be provided. 

When such a path is available, the capacitor will completely dis- 
charge through it. During discharge, the capacitor and the discharge 
path can be considered as an independent circuit, with the capacitor 


Discharge Circuit 


Discharge 
Current 


supplying the voltage for the circuit. At the instant the capacitor begins 
to discharge, the voltage applied to this circuit, which is the voltage 
across the capacitor, is maximum. So also, therefore, is the current 
As the capacitor discharges, both the voltage and current in the dis- 


charge circuit decrease, until finally they both reach zero when the 
capacitor is fully discharged. 
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C = 0.05 Coulomb/1000 Volts 
= 50 Microfarads 


Capacitance is a measure of héw well a capacitor can store electrical 
charge. More exactly, the capacitance is proportional to the amount 
of charge (in coulombs) that is 'stored in the capacitor for each volt 
applied across it. Actually, the net charge stored in a capacitor is zero, 
since the two plates have equal charges of opposite polarities. There- 
fore, “the charge stored in a capacitor” means the charge stored on 
either one of the capacitor plates. If two capacitors each have 100 
volts applied, and one stores 5 coulombs of charge on each plate, while 
the other stores 2 coulombs, the one storing 5 coulombs has the greater 
capacitance. 

Also if both capacitors stored 5 coulombs, but one capacitor needed 
100 volts applied to it, and the other only needed 50 volts, the one that 
required less voltage to get the same charge has a greater capacitance. 

The unit of capacitance is the farad, named in honor of the scientist 
Michael Faraday. A capacitor has a capacitance of one farad, when 
with one volt applied to its plates, it stores one coulomb of charge on 
each of its plates. The equation for capacitance is : 

C=Q/E 
where C is the capacitance given in farads, Q is the charge on one plate 
measured in coulombs, and E is the voltage applied to the capacitor. 
. In practice, the farad is an enormous storage capability. For this 
reason, fractional units of the farad are practically always used. These 
fractional units are the microfarad (yf) and the micromicrofarad (uy), 
known as the picofarad (pf). 


CONVERSION OF UNITS 
1 farad (f) = 1,000,000 microfarads (uf) = 1,000,000,000,000 picofarads (p) 


1 microfarad (uf) = aoe farad (f) = 1,000,000 picofarads (pf) 


1 picofarad (pf) = 1000 3 00,000 farad (f) 


1 picofarad (pf) = Ios microfarad (xf) 


1 picofarad (pf) = 1 micromicrofarad (iuf) 
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capacitive time constant 


When a capacitor is connected to a source of d-c voltage, it charges 
very rapidly. If there was mo resistance in the charging circuit, the 
capacitor would become fully charged almost instantly. Resistance has 
the effect of causing a delay in the time required for charging. And 
since, as you know, every circuit has some resistance, it takes some 
definite amount of time for a capacitor to become charged. The exact 
time required depends on both the resistance (R) in the charging cir- 
cuit, and the capacitance (C) of the capacitor. The relationship be- 
tween these two quantities and the charging time is expressed by the 
equation: 

t—RC 


where t is the capacitive time constant, representing the time required 
for the capacitor to charge to 63.2 percent of its fully-charged voltage. 
In each succeeding time constant, the voltage across the capacitor in- 
creases an additional 63.2 percent of the remaining voltage. Thus, after 
the second time constant (2t) the capacitor has charged to 86.4 percent 
of its maximum voltage, after 3t to 94.9 percent, after 4t to 98.1 per- 
cent, and after 5t to more than 99 percent. The capacitor is considered 
to be fully charged after a period of five time constants. 

In a similar manner, the capacitive time constant also shows the 
time required for the voltage across a discharging capacitor to drop to 
various percentages of its maximum value. 

You have probably noticed a similarity between the capacitive time 
constant and the inductive time constant, which was described earlier. 
The similarity is that the voltage across a capacitor builds up and drops 
off in exactly'the same way and at the same rate that current through 
an inductor rises and falls. This can easily be seen by comparing the 


curves shown on the following page with those for the inductive time 
constant given on page 3-60. 


UNITS OF CAPACITIVE TIME CONSTANT 


eee 


HER IsIn And C Is In Then t Is In 
-Ohms Microfarads Microseconds 
. - Kilohms < Microfarads Milliseconds 
... Megohms Microfarads Seconds i 
Ohms *Picofarads Microseconds/1,000,000 
' Kilohms Picofarads Microseconds/1,000 
Megohms ; Picofarads : Microseconds 


*Also known as micromicrofarad. 
[^ 
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R 
ISING VOLTAGE In 5 Time Constants, Voltage Rises to Over 
99% of Maximum. This is Effectively 100% 


100 
98:1; 
94.9 
854 
2 
g 
7 
s 92 
8 
$ 
2 
0 
100 
z 
E 
E 
E 
E 
= 36.8 
5 
13.6 
51 
19 
i 


Rises 63.255 
of remaining 9.1% 
or a total of 98,19: 
Rises 63.2% 

of remaining 36.8% 

ora total of 86.4% 


Rises 63.0% 
of remaining 19% 
Rises to } 
63.25. or a total of over. 99% 
of maximum Rises 63.23: 
of remaining 13.6% 
or a total of 94.9% 
1 Time z Time 3 Time ATime 5 Time 


Constant Constants Constants Constants Constants 


In each time constant, the voltage increases to a value 
63.2% closer to its maximum value E 


FALLING VOLTAGE 


Falls 63.255 In 5 Time Constants, Voltage Falls to Less 
Ti ERR Than 1% of Maximum. This is Effectively Zero 


Falls 63.255 
of remaining 
36.8% to 13.6% Falls 63.2% 


of remaining 
Falls 63.2% — e 15: (9 19% 
of remainin, 
13,6% to 5.1% | Falls 63,2 
f- . of remaining 


y 19310 less than 1s 


1Time 2Time 3 Time 4 Time 5 Time 
Constant Constants Constants Constants Constants 


In each time’constant, the voltage decreases to a value 
63.2% closer to zero 
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'summary 


E] Capacitance exists whenever two conductors are separated by an insulating 
material, and have a difference of potential between them. The basic unit 
of capacitance is the farad; however, practical units are the microfarad and 
the picofarad (also known as the micromicrofarad). Capacitors are devices 
that add capacitance into circuits. 1] Capacitors can be charged by connect- 
ing batteries or generators across their plates. 


Lj When a difference of potential, or a voltage, exists between the plates of a 
capacitor, it is said to be charged. © A charged capacitor has an electrostatic 
force, or electric field, existing between the plates. The electric field stores 
energy. In-a d-c circuit, although electrons flow through the circuit wires 
when the capacitor is being charged, they do not flow across the insulation 
between the capacitor plates. Œ When a charged capacitor is allowed to lose 
its charge, the path followed by the electrons on discharging is known as the 
discharge path. 


E The equation for capacitance is C = Q/E, where Q is the charge stored by 
the capacitor, and E is the voltage across the capacitor. The capacitive 
time constant in an RC circuit is expressed by the equation: t — RC. It 
takes five time constants to charge a capacitor from zero to more than 99 
percent of its maximum charge. The waveform of the voltage build-up 
across a capacitor is similar to that of the current increase through an inductor: 


review questions 


- How is energy stored in a capacitor? 

. Express 2 farads in picofarads: in microfarads. 

. Express 2 picofarads in microfarads. Express 2 farads in 
microfarads. 

. What is the capacitance of a capacitor that'stores 5000 mi- 
crocoulombs when the voltage across it is 1000 volts? 

. What is the capacitive time constant? 

. It takes 10 seconds for a capacitor to charge to the maximum 
voltage when it is applied in series with a resistor across a 
battery. What is the time constant of the circuit? How long 
does it take for the capacitor to discharge completely? 

. For the circuit of Question 6, what is the value of the capaci- ` 
tor if the resistor has a value of 5 megohms? 

. If R is in ohms and C is in microfarads, in what units is the 
time constant, t? 

. If t is in seconds and C is in microfarads, in what units is 
R? 

. If R is in megohms and t is in microseconds, in what units 
is C? 
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There are three factors that determine the capacitance of a capacitor. 
‘They are: (1) the surface area of the plates; (2) the distance between 
the plates; and (3) the insulating material, or dielectric as it is called, 
used between the plates. The amount of voltage applied to a capacitor, 
or. the quantity of charge stored in it, have no effect on capacitance. 
This, of course, assumes that the capacitor is not connected to ex- 
cessively high voltages, which could damage or destroy it. 


Three Physical Characteristics _ 
of a Capacitor Affect Its Capacity 


___ DISTANCE 
BETWEEN PLATES 


SURFACE AREA 
OF PLATES 


wie TYRE OF 
ER EA DIELECTRIC 


There are other factors which can: affect capacitance, and which 
would have to be considered when/ selecting capacitors for certain ap- 
plications. These factors include the frequency of the applied voltage. 
the temperature of the capacitor, and the age of the capacitor. Gener: 
ally, these additional factors have only slight effects on capacitance; 
and can be ignored. At other times, though, they are very important 
and must be taken into consideration. More detailed information in 
this area is given later. - 
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effect of plate surface area 


If two capacitors are made with the same dielectric and the same 
separation between their plates, but with different sized plates, the 
one with the most plate surface area will have the greatest capacitance. 
The reason for this is that the larger the piates are, the more charge 
can be stored on them. A large negative plate has more room to ac- 

+ cumulate free electrons than does a smaller one. And a large positive 
plate has more free electrons to give up than does a smaller one. If the 
separation between plates and the dielectric is held constant, the 
capacitance of a capacitor is directly proportional to the surface area 
of the plates. Doubling the surface area results in a doubling of the 
capacitance. Likewise, if the surface area is cut in half the capacitance 
is halved. These characteristics only apply, of course, if the plates are 
completely aligned and parallel to each other. 


2 In. 


2 In. 
AS 


, À D d 
This Capacitor Has 1/4 The Capacitance Of This.Capacitor 


— In. 
ln. d 


This Capacitor Has The Same Capacitance As This Capacitor 


2 |n, 


3 In. 


This Capacitor Has The Same Capacitance As This Capacitor 


It was pointed out previously that the farad represents an enormous 
amount of stored charge, and that is why the units of microfarad and 
picofarad are used. As an example of the impractical nature of the - 
farad, consider thé plate area required for a 1-farad capacitor. If the 
separation between the plates is 1 millimeter and air is used as the 
dielectric, each plate would have to be approximately 612 miles high 
by 6% miles wide. 
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As you learned earlier, the capacitor charges because electrons ac- 
cumulate on the negative plate, and Jeave the positive plate. Actually, 
the charges on each plate affect one another greatly. The greater the 
negative charge built up on the negative plate, the more electrons will 
be repelled off the positive plate; and the greater the charge on the posi- 
tive plate, the more electrons will be attracted to the negative plate. In 
this way, the electrostatic field that is built up between the plates aids 
the source voltage. The stronger the field is for a given charge, the more 
it will aid the applied voltage. 

If you think back to Volume 1, you should recall Coulomb’s Law of 
Electric Charges: The strength of the electrostatic lines of force is in- 
versely proportional to the square of the distance between the charges.’ 
This means that if two charged plates are moved apart so that the space 
between them is doubled, the strength of the electrostatic field will be 
reduced to 1/4 of what it was. And a weaker field will give less aid to 
the applied voltage; less electrons will accumulate on the negative plate 


and leave the positive plate. 


The strength of the 
electrostatic field is 
inversely proportional 
to the square. of the 
distance, If the distance 
between the plates is 
halved, the strength 
will increase four times 


Electrostatic Field Strength 
m 


l 2 3 4 


Distance Between Plates 


Capacitance, therefore, is inversely proportional to the distance be- 
tween the capacitor plates. This means that the smaller the distance 
between the plates, the greater is the capacitance. Conversely, the larger 
the distance between plates, the smaller is the capacitance. 
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effect of plate separation (cont.) | 


There is a limit, though, on how small the separation between plates 
can be made. If the plates are too close together, electrons will be torn 
loose from the negative plate by the potential on the positive plate. 
This breakdown can damage, and even destroy, the capacitor. Actually, 
the smallest spacing possible before breakdown occurs depends on the 
voltage across the capacitor, and the dielectric between the plates. 
Where high voltages are involved, breakdown will occur even in capaci- 
tors with large separations; low voltages will allow. smaller separations. - 
Some commercially available capacitors, however, have spacings as small 
as 0.0005 inch, and can withstand voltages of hundreds of volts. 


High ; Medium Low _ 
Capacitance Capacitance Capacitance 


cre 


ate 


Small Plate 
Separation Medium Plate . Large Plate 
Separation Separation 
The capacitance of a capacitor is inversely proportional to the distance between 
the plates 


Without considering tile effect of the dielectric, 
the following equation relates, the capacitance 
lo the area of the plates and the distance be- 


" A (Area of the Plates) 


tween them: d (Distance between Plates) 
Using this equation, you can see that these two Capacitors have the same capa- 
citance value 
Leg d d 
2 Cn 


i 
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effect of the dielectric 


The negative end of 
the dielectric and the 
negative plate both 
repel electrons from 
the positive plate. 
So, effectively, the 
negative charge is 
closer to the positive 
plate 


The positive end of 
the dielectric and the 
positive plate both 
attract electrons to- 
ward the negative 
plate. So, effectively, 
the positive charge 
is closer to the nega- 
tive plate 


Polar molecules align with the electrostatic field, effectively 
moving the charges on the plates closer together to increase 
capacitance ; $ 


The insulating material used between the plates of a capacitor is 
called a dielectric. The dielectric can be air, glass, paper, or even a 
vacuum. In fact, any insulating material will work, but some produce 
a high capacitance, and, therefore, are- good dielectrics, while others 
yield a low capacitance, and so are poor dielectrics. 

The difference between good and poor dielectrics can be explained 
on the basis of how easily the molecules of the dielectric are affected 
by electrostatic forces. Many insulating materials have molecules whose 
orbiting electrons are unsymmetrically located. One side of the mole- 
cule has more electrons than the other, and so in effect, the molecule 
has a negative side and a positive side. These are called polar molecules. 
They have a net charge of zero because there is an equal number of 
electrons and protons; but because of a lopsided accumulation of elec- 
trons, the molecule has a positive pole and a negative pole. 

When such a dielectric is inserted between the plates of a charged 
capacitor, one side of the dielectric is exposed to the positively charged 
plate, and the other side to the negatively charged plate The polar mole- 
cules in the dielectric are attracted to the charged ) «tes, As a result, 
the molecules align themselves with their positive poles towards the 
negative plate and their negative poles towards the positive plate. in 
electrostatic force then exists between each end of the dielectric an 
the nearest plate. The direction of these forces is such that the n 
end of the dielectric repels electrons from the positive plate, and in 
doing so aids the negative plate, which is doing the same thing. 
Similarly, the positive end of the dielectric attracts electrons to the 
negative plate, and so aids the positive plate. ‘Effectively, then, the 
dielectric moves the charges on the capacitor plates closer together, and, 
as you have learned, this results in increased capacitance. 
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dielectric constant and strength 


Since the dielectric material has a significant effect on the capaci- 
tance value of a capacitor, it is often convenient to compare various 
materials from the standpoint of how well they perform as dielectrics. 
For this purpose, a rating system is used in which the dielectric prop- 
erties of materials are related to those of air. Actually, the system is 
based on the dielectric properties of a pure vacuwm. However, there 
is so little difference between an air dielectric and a vacuum dielectric, 
that for all practical purposes they can be thought of as identical. 

In this system, air is assigned the value of 1. The other materials 

. are assigned values which indicate how much more effective they are. 
as dielectric materials than is air. For example, a capacitor with a 
dielectric material whose value is 5 will have five times the capacitance 
9f a similar capacitor having an air dielectric. The value of each ma- 
terial is called the dielectric constant of that material. The dielectric 
constant is usually designated by the letter K. Therefore, to' see the 

: relationship of all the physical properties of a capacitor compared to 
its capacity, the following equation can be used: 


A (plate area) 
(CSG ee EM 
d (plate spacing) 
In addition to its dielectric constant, each material also has a prop- 


erty called its dielectric strength. This indicate 


s the maximum voltage 
that can be applied 


across the dielectric safely. If the voltage is ex- 
eak down, and arcing 
ate. Dielectric strength 
or a specific thickness 


ceeded, the molecules of the dielectric material br 
occurs between the dielectric and the capacitor pl 


is expressed as a maximum allowable voltage fi 
of material. 


Hard Rubber 
Dry Paper 
Glass 
Bakelite 
Mica 
Porcelain 
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capacitive d-c circuits 


A d-c circuit that contains only capacitance behaves quite differently 
than a d-c circuit containing only resistance or inductance. Both re- 
sistance and inductance oppose circuit current, although in different 
ways. Capacitance, on the other hand, prevents d-c current flow, once 
the initial charging current has charged the capacitor. Capacitors are, 
therefore, said to block dc. You can see, then, that there are not a great 
many applications for capacitors in d-c circuits. This does not mean 
that capacitors are never used in d-c circuits. There are many d-c ap- 
plications for which capacitors are well suited. One of these is to pre- 
vent arcing across the contacts of electric switches, as shown. When _ 
à switch opens a circuit in which a large current is flowing, the cur- 
rent attempts to continue flowing. This causes arcing across the switch 
contacts, which can eventually ruin the switch. A capacitor connected 
across the switch contacts provides a path for current flow until the 
switch is fully open and the danger of arcing is passed.' 

Capacitors are also used with batteries to supply large current for 
a very short time, which the battery alone could not supply. With the 
battery connected across the capacitor, the battery could supply a safe 
low level of current over a long period to charge the capacitor. Then, 
if the capacitor is connected to, say a photoflash lamp, it could dis- 

' charge very quickly and supply a higher value of current than the 
battery could in such a short time. Jj 


Capacitors Can Provide Arcing Protection 
For Switches In D-C Circuits Pasos 


When the switch is closed, the capaci- 
tor discharges through the switch con- 
tacts. While the switch is closed, the 
capacitor stays in the discharged con- 
dition (both plates neutral), and Has no 
effect since it is shorted out of the 
circuit Switch 


a Aust Opening 


When the switch is open, the capacitor 
is charged to the source voltage 


If it was not for the capacitor, at the 
instant the switch opened, the volt- 
age across the switch contacts would 
exceed the dielectric strength of the 
small air mass between the open con- 
tacts. Arcing would then result. The 
capacitor, though, provides a low- 
fesistance path around the contacts. 
The current, therefore, flows through 
the capacitor instead of across the 
air gap until the capacitor is charged 


v Ue s: 
3-116 SUMMARY AND REVIEW QUESTIONS 
summary 


Lj] The capacitance of a capacitor is determined by three factors: the surface 
area of the plates, the distance between the plates, and the insulating material 
«used between the plates. (] The effects of the three factors determining 
capacitance are expressed in the equation: C — KA/d. The equation shows 
that capacitance is directly proportional to the surface area of the plates, and 
inversely proportional to the distance between the plates. [] Other factors, 
such as frequency of applied voltage and temperature and age of the capacitor 
can affect capacitance. Usually, though, their effects are slight. 


© The insulating material used between the plates of a capacitor is called the 
dielectric. F1 A good dielectric increases capacitance by effectively moving 
the plates of the capacitor closer together. O The dielectric constant, K, 
indicates how effective a material is as a dielectric. Q A system of compar- 
ing the dielectric constants of various materials is used in which air serves 
as a reference with a dielectric constant of 1. [] The maximum voltage that 
can be applied across a dielectric is called the dielectric strength. 


O In d-c circuits, charged capacitors prevent d-c current flow. Capacitors are 
therefore said to block dc. O Capacitors are also used to supply large currents 
for short intervals. 


review questions 


1. What are the three factors that determine the capacitance of 
a Capacitor? Aa 


- Why are dielectrics used in capacitors? 

. What is meant by the dielectric strength of a material? 

. What is meant by dielectric constant? 

. Which has the larger dielectric constant: air or hard rubber? 
Air or glass? j 

. What happens to the capacitance of a capacitor if its plàte 
area is doubled, and the distance between plates is halved? 

. If, in a capacitor, the dielectric constant is doubled without 
changing the plate area, how can the plates be adjusted so 
that the capacitance remains the same? 

8. If the voltage applied across a capacitor is doubled, what 

happens to the capacitance? 

. How are capacitors used in a photoflash lamp? 

. Why are capacitors said to block dc in a d-c circuit? 


w 
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capacitive a-c circuits 


Charging Discharging 


Applied Voltage 


7 Charging Discharging 
; When a capacitor is connected to an a-c source, it alternately 
charges and discharges, first in one direction and then the other 


A capacitor blocks de. Therefore, once it is fully charged by an applied 
d-c voltage, no further current will flow in the circuit unless some 
means is provided for discharging the capacitor. In an a-c circuit, the 
applied voltage, as well as the current it produces, periodically changes 
direction. As a result, a capacitor in an a-c circuit is first charged by 
the voltage being applied in one direction. Then, when the applied volt- 
age starts to decrease, less current flows, but the capacitor is still being 
charged in the same direction. As a result, as the applied voltage con- 
tinues to drop, the voltage developed across the capacitor becomes 
greater. The capacitor, then acts as the source, and starts discharging. 
The capacitor becomes fully discharged when the applied voltage drops 
to zero and reverses its direction. Then the capacitor starts charging 
again, but in the same direction in which it was previously discharging. 
This continues until the applied voltage again starts to drop, and the 
events repeat themselves. This alternate charging and discharging, 
first in one direction, and then in the other, occurs during every cycle 
of the applied ac. An a-c current, therefore, flows in the circuit con- 
tinuously. It can be said, then, that although a. capacitor blocks dc, it 
passes ac. 

The charging a path for a capacitor in an a-c circuit is from the 
negative terminal of the source to one capacitor plate, and from the: 
other plate to the positive terminal of the source, The discharge path 
for the capacitor is from the negative plate, through the power source, 
and back to the positive plate. Remember, though, that in an a-c circuit, 
the terms positive plate and negative plate refer to à specific instant of 
time. 


>" 
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voltage relationships 


When an a-c voltage source is connected across a capacitor, the 
amount of charge on the capacitor plates follows the sine-wave pattern 
of the applied voltage. At the instant the applied voltage is zero, no 
current flows, and so no charging potential exists for the capacitor; 
both plates are neutral. As the voltage source begins its sinusoidal 
rise from zero, the current flows, and the charge on the capacitor plates 
starts building. The charge continues building as the applied voltage 
increases. When the applied voltage reaches its peak value, the charge 
on the plates is maximum. This relationship between the applied 
voltage and the charge on the capacitor plates continues for the com- 
plete cycle of applied voltage. They both decrease and reach zero 
simultaneously, and then increase to a maximum in the opposite direc- 
tion. Finally, both decrease again, reaching zero simultaneously. 


Applied Voltage Counter Voltage 


The counter voltage developed across a capacitor by the accumu- 
lation of charges on the capacitor plates is 180° out of phase with 
the voltage applied across the capacitor 


The charges on the plates produce an electrostatic field that shows 
up as a voltage across the capacitor, This charge voltage follows the 
applied voltage exactly. If you measure the waveform pattern across 
the source and compare it to the pattern across the capacitor, you will 
see that they are the same. Actually, this has to be so, because when 
you measure one, you automatically must measure the other, since 
they are considered across one another. Since the charge on the capaci- 
tor plates follows exactly the same sine wave pattern as the applied 
voltage, you might think they are in phase. However, the charge 0? 
the capacitor actually opposes the applied voltage, so they are out of 
phase. Since the capacitor develops its own voltage, it acts as a voltage 
source that tries to cause current to flow into the battery. The capack 
tor voltage, therefore, is often called a counter voltage because it act? 
180 degrees out of phase with the applied voltage. 
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When an a-c voltage source is connected across a capacitor, maxi- 
mum current flows in the circuit the instant the source voltage begins 
its sinusoidal rise from zero. At first it may seem strange to you that 
maximum current flows when the source voltage is at its lowest value. 
But if you remember what you learned earlier for d-c circuits, this À 
current is actually the movement of free electrons from the negative 
terminal of the source to one capacitor plate and from the other plate 
to the positive terminal of the source; as a result, maximum current 
would occur at this time, since the plates are neutral and present no 
opposing electrostatic forces to the source terminals. Therefore, as you 
can see by Ohm’s Law, if the opposition to current flow is very, very 
low, a small applied voltage can cause considerable current to flow. 

As the source voltage rises, however, the charges on the capacitor 
plates, which result from the current flow, build up. The charge voltage, 
then, presents an increasing opposition to the lower voltage and so the 
current decreases. When the source yoltage reaches its peak value, the 
charge voltage across the capacitor plates is maximum, This charge : 
is sufficient to completely cancel the source voltage, and so current. 
flow in the circuit stops. As the source voltage begins, to decrease, the 
electrostatic charge on the capacitor plates becomes greater than the 
potential of the source terminals, and so the capacitor starts to dis- 
charge. 


Applied Voltage 


Current 


The current through a-capacitor leads the applied voltage across 
the capacitor by 90: 
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Electrons flow from the negative plate to the negative source terminal 
. (which is becoming less negative), while an equal number of electrons 
flow from the positive source terminal (which is becoming less positive) 
to the positive plate. This direction of electron flow is opposite to the 
direction taken by the electrons during capacitor charging. Thus, at 
the point that the applied voltage passes through its maximum value 
and begins decreasing, the current in the circuit passes through zero 
and changes direction. As can be seen from the graph this constitutes 


Counter Voltage 


-— Applied Voltage 


Cutrent through a capacitor js 90 Out of phase with both the 
applied voltage aid the counter voltage, The current leads 
the applied Voltage by 90 and lags the counter voltage by 90° 


a 90-degree phase difference, with the current leading the applied 
voltage. This 90-degree difference is maintained throughout the com- 
plete cycle of applied voltage. When the applied voltage has dropped 
to zero, the circuit current has increased to its maximum in the opposite 
direction; and when the voltage reverses direction, the current begins 
decreasing. Therefore, the ‘voltage applied to a capacitor is said to lag 
the current through the capacitor by 90 degrees. Or, the current through 
à capacitor leads the applied voltage by 90 degrees. And, since the 
counter voltage is 180 degrees out of phase with the applied voltage: 
the current lags the counter voltage by 90 degrees. 
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effect of frequency. 
on capacitor current 


Current flow in an a-c capacitive circuit is made up of free electrons 
flowing between the terminals of the voltage source and the plates 
of the capacitor. The electrons flow in one direction while the capacitor 
is charging, and in reverse direction during the time the Eien dis- 
charges and charges in the opposite direction. The amount of current 
flow, you will remember from Volume 1, is- determined by the number 
of electrons that flow past any point in the circuit in a unit time. Put 
another way, current is equal to the rate of electron flow. As an equa- 


tion, this can be shown as 


I=Q/t 
where Q is the number of electrons being transported in time t. 


ONE COULOMB 


Since an ampere is one 
coulomb of electrons 
per second, a frequency 
that allows one coulomb 
to flow in 0.5 second 
produces 2 amperes of 
current, while a 
frequency that allows 
one couloni o flow in 
0 second produces 
0.5 1 15 20 1 a 
Seconds 


xot nd ee is applied to a capacitor, the capacitor alternately 
applied. volt TEES Gn. both directions) during every cycle of the 
o ais m For any given capacitor, the time required to reach 
The reaso; : He aop ends on the frequency of the applied voltage. 
E b n this is that, as you already know, the charge on a capaci- 
Suited ju applied voltage exactly. Each time the applied voltage is 
Suena 5i he capacitor is at peak charge. And the higher the fre- 
So it s faster the applied voltage rises from zero to maximum. 
will Ws that the higher the frequency, the faster the capacitor 
E ag its peak charge. 
Bena i up of charge stored is independent of frequency; it de- 
the abpliga on the capacitance of the capacitor and the amplitude of 
comes ES You can see, then, that two identical capacitors 
will ha identical voltage sources, which have different frequencies, 
: ve equal values of Q but different values of t in the equation 


I= Q/t. 
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effect of frequency 
on capacitor current (cont.) 


The currents through the two capacitors will therefore be different; 
although the same mumber of electrons flow, they flow faster in one 
capacitor than in the other, producing a' greater current. The higher 
frequency (lower t) causes the greater current, and the lower frequency 
(higher t) causes the lesser current. 

In summary, current through a capacitor is directly proportional to 
the frequency of the applied voltage. High frequencies result in large 
currents, whereas low frequencies produce small currents in the same 
- capacitor. 


Time (Sec) 


1 Coulomb 


(30 CPS) At Full 
Charge 


Assume that the capacitors in the circuits above and below are iden- 
tical, and the source voltages have the same amplitude, but have the 
different frequencies as shown. Both capacitors would reach a maxi- 
mum charge of 1 coulomb, and would discharge this amount during 
the cycle. For the charge to build up from zero to 1 coulomb with the 
30-cps voltage, it would take 1/190 of a second. The formula for cur- 
rent (I— Q/t) gives a current flow of 190 amperes. However, for the 
capacitor to build up a 1 coulomb charge with the 60-cps voltage, it 
would take 1/240 of a second. This is 240 amperes of current flow. 


T 


E 1 Coulomb 


At Full 
(60 CPS) Charge 


D 


Time (Sec) 


Charge 
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effect of capacitance 
on capacitor current 


As you learned, capacitance is the amount of charge stored in a 
capacitor for each volt applied across the capacitor; or C= Q/E. Since 
this is the case, the total charge stored is equal to the capacitance 
times the applied voltage; or Q — CE. Thus, if equal voltages are ap- 
.plied across two capacitors that have different values of capacitance, 
the charges stored in the capacitors will be different. The capacitor 
with the larger capacitance will store the larger charge. This means 
that with the larger capacitance, more free electrons will flow during 
the charge and discharge cycles. If the times required for fully charging 
the two capacitors were the same, which would be the case if the ap- 

' plied voltages had the same frequency, the current through the capaci- 
tor with the larger capacitance would be greater than the current 
through the other capacitor. You can see from this that the current 
through a capacitor is directly proportional to the capacitance. 


0.1f 


0.05 f 
(1/2 Coulomb 10 Volts — (1 Coulomb 
at Full 60. CPS at Full 
Charge) Charge) 
+ 
1/60 Sec 1/60 Sec 


Applied Voltage 
> 
Applied Voltage 


Using the equation Q = CE, you can see that the capacitor in the first 
circuit will build up a charge of % coulomb, and the capacitor in the 
second circuit will have a 1-coulomb charge. Since the frequencies of 
both sources are the same, the charges must both build up in 1/240 
second. Using I= Q/t, you find that the first circuit will conduct 120 
amperes and the second circuit will conduct 240 amperes. 


3-124 CAPACITIVE A-C CIRCUITS 


A capacitor offers opposition to the flow of a-c electric current similar 
to a resistor or an inductor. You know that the amount of a-c current 
that a capacitor conducts depends on the frequency of the applied 
voltage and the capacitance. The amplitude of the applied voltage, of 
course, also controls the value of current, but if the voltage amplitude 
were kept constant, the current would change whenever the frequency 


In a purely capacitive circuit, capacitive react- 
ance has the same effect as resistance in either 
a d-c circuit or an ae resistive circuit 


or the capacitance was changed. As you saw earlier, current flow could 
be calculated using certain equations, but it is much more convenient 
to use Ohm's Law. But capacitance and frequency, in themselves, can- 
not be used directly in Ohm’s Law. What is needed is some character- 
istic that can be expressed in ohms, just as resistance and inductive 
reactance. The opposition to current flow in a capacitor is used, since 
the opposition also depends on frequency and capacitance. However; 
since current flow is directly proportional to frequency and capacitance: 


the opposition to current flow must be inversely proportional to these 
quantities. 


AG l 
for C forC 
The decrease in capacitive reactance Current through a capacitor, on the other 
with increases in either frequency or hand, increases linearly with increasing 
capacitance is nonlinear. Thus, each ad- frequency or capacitance 


ditional increase in frequency or capaci- 
tance results in a smaller decrease in Xg 
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capacitive reactance (cont. ) 


The opposition offered to. the flow of current by a capacitor is called 
capacitive reactance, and is abbreviated Xe. Capacitive reactance can be 


calculated by: 
1 


27fC 


where 27 is approximately 6.28; f is the frequency of the applied 
voltage in cycles per second; and C is the capacitance in farads. You 
can see that the higher the frequency, or the greater the capacitance, 


Xo = 


Capacitive Reactance Is Inversely 
Proportional to Frequency and 
Capacitance 


Large 
Capacitance 


High-frequency 
Source 


Medium 
Capacitance 


Medium-frequency 
Source 


Small 
Capacitance 


LAMP DOES Low-frequency 
NOT GLOW Source 


the less will be the capacitive reactance. Like its inductive counterpart, 
inductive reactance, capacitive reactance is expressed in ohms, and 
acts just like a resistance in limiting a-c current flow. When you know 
the capacitive reactance, you can find current by: 


I-E/Xo 
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Theoretically, the current that flows in a pure capacitive circuit 
results from the charge and discharge currents of the capacitor. The 
dielectric, which is an insulator, should prevent any current flow be- 
“tween the plates, except when breakdown occurs because of too high an 
applied voltage. However, there is no such thing as a perfect insulator. 
Even the best dielectric tends to conduct current to some degree. The 
dielectric, then, has some high value of resistance, known as leakage 
resistance, which allows some leakage current to flow. The leakage 
resistance tends to reduce the capacitance value. 


Ever Capacitor has some leakage resistance, 


Which is usually measured in megohims 


In a good capacitor, though, the leakage resistance is generally meas- 
ured in megohms, and can be considered negligible for most applic 
tions. As the capacitor ages, however, the leakage resistance could J€ 
duce to the point where the capacitor will act just like a resistor. Ge?” 
erally, you will find that leakage resistance is lower with high-valUt 
capacitors than it is with low-value capacitors. The reason for this is 
that the larger capacitors have larger plate areas that are closer í9 
gether. Therefore, their dielectrics must have large areas and be thin: 
And, as you learned in Volume 2, resistance goes down as the cross 
sectional area is increased and the length, or thickness, is decrease 
So, the larger the capacitor, the lower the leakage resistance, and the 
higher the leakage current. 
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series capacitors 


Putting Capacitors In Series Decreases Capacitance 


The total capacitance of series capaci- 
tors is calculated the same as the total 
resistance of parallel resistors. The re- 


ciprocal method; 
be 1 

Cine TESTS 

Series capacitors act as a singli HI cM gree rorya EY 
s capac as a single C C C3 

capacitor with a separation be- é nahe 
tween their plates equal to the or any of-the shorter, special methods 
sum of the separations of the in- can be used. The total capacitive 
dividual capacitors, The total reactance, though, is Simply-the sum of 
capacitance is, therefore, less the individual reactances: 
than that of any of the individual Y ^ j 
capacitors XcTOT =%c) *Xez * Xoz tees tete. 


To obtain a desired value'of capacitance, capacitors are often con- 
nected in series. The total capacitance of the series combination is 
less than the capacitance of any individual capacitor. .The reason is 
that the series combination acts as a single capacitor, with a separation 
between its plates equal to the sum of the separations of the individual 
capacitors. And, as you have previously learned, the larger the separa- 
tion between the plates, the lower is the capacitance. 

The total capacitance of series capacitors is, calculated the same way 
as the total resistance of parallel resistors, (Volume 2). The total capaci- 
tive reactance of series capacitors, however, is not fourid in the same 
way. Since capacitive reactance i$ inversely proportiónal to capacitance, 
if the total capacitance of series capacitors goes down, then the re- 
actance goes up. Actually,. the individual reactances of the series 
Capacitors are added just like series resistors. The total reactance ean 
also be found by first determining the total capacitance of the series 
combination, and then calculating the reactance of the total capaci- 
tance, , 

The voltage drop atross each indiv. 
bination is directly proportional to the reactance : 
voltage drop can be calculated by the equation E = IXo, where I is the 
series circuit current, which is the same through each capacitor of 
the combination, and X; is the reactance .of the particular capacitor. 
Since voltage drop is directly proportional to capacitive reactance, - 
which, in turn, is inversely proportional to capacitance, the voltage 
drop is also inversely proportional to the capacitance. Thus, in a series 
combination, the capacitor with the lowest capacitance has the largest 


voltage drop across it. 


idual capacitor of a series com- - 
of that capacitor. The . 


i = 
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parallel capacitors 


When capacitors are connected in parallel, the total Capacitance is 
equal to the sum of the individual capacitances. The reason for this 
is that parallel capacitors act as a single capacitor having a plate area 
equal to the sum of the plate areas of the individual capacitors. With a 
larger plate area, therefore, the capacitance is increased. As a result, 
the total capacitance of parallel capacitors is found by taking the sum 
of the individual capacitances, just as with series resistors. The total 
Capacitive reactance of parallel capacitors, on the other hand, goes 
in the other direction. The total reactance, then, is found by treating 
the individual reactances like parallel resistors; or it can be found by ~ 
first determining the total capacitance and then finding the reactance 
of this total capacitance, 

As is the case with parallel resistors and parallel inductors, the same 
voltage is dropped across each capacitor of a parallel combination, 
but the current through each differs for different capacitance values. 


Putting Capacitors in Parallel Increases Capacitance 


Actual Effective 


Parallel capacitors act as a 


i acitors The total capacitance is, there- 1 
Single capacitor with a plate fore, more than that of any of the 

area equal to the sum of the . individual capacitors 

plate areas of the individual 

capacitors 


The total capacitance of parallel The total capacitive reactance, 
capacitors is equal to the sum of though, is found by treating the 
the capacitances of the individua individual reactances as parallel 
capacitors: i resistances 1 
Crot =C] +C2 +C3 +... *etc. CTOT ^T 1 1 


P tee. ketc. 
Xor Xoz Xoz- 
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5-Ampere 
1000 Volts (rms) fuse 


1000 cps 


Will the fuse in the circuit blow when the switch is 
closed? : 
The fuse will blow if the current is greater than 5 amperes. Find the 
current with Ohm's Law after X, is calculated. 


1 1 tst 
X neer ll me = — h: 
o Eate 7 X838:1000(0000001) ^ (00628 — a a 


Using Ohm's Law, then: 
E 1000 volts 


-63 
Xo 159 ohms Seamer e 


Vhs 


The fuse will therefore blow, since the current exceeds its rating. 


5000 2 


- 100 Volts === l 


é How long will the current flow in the circuit? 
Current will flow until the capacitor is fully. charged, which will take 5 
time constants. One time constant equals resistance times capacitance: 


t = RC = 5000 ohms X 0.000002 farads = 0.01 second 
Therefore, 


2ut 


5t = 5 X 0.01 = 0.05 second 


If the voltage in the above circuit is increased to 200 


volts, 3, long will the current flow? 
With a higher voltage applied, the capacitor will charge to a higher 
voltage, but it will still do it in 0.05 second. 
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solved problems (cont.) 


Problem 11. What is the total capacitance of the circuit below? 

The capacitors are in series, so you use the same methods for finding 
the total resistance of parallel resistors. Since there are two unequal 
capacitors, the product/sum method is tlie best to use: 


Con = SEK Cn) _ CO uf x 5 uf) 50 uf 
MET (+O) - CO ptt Spt)  15pf 


= 3.33 uf 


Notice that it was not necessary to convert the values of the capacitors 
from microfarads to the farad. The reason for this is that only capaci-_ 
tance was involved in the problem, and all of the capacitances were 
in the same units. d 


Problem 12. In the circuit, which capacitor has the most charge 0n 
its plates? ! 1 i 


Since current is the flow of charge, and at any instant is the same 
in all parts of a series circuit, both capacitors must have the identical 
charge at any instant. ; . 

Problem 13. Which capacitor has the most voltage across it? 

This problem could be solved by finding the capacitive reactance of 
the two capacitors, using it to calculate the total circuit current, and 
then using the current and the reactance of the individual capacitors 
to find the voltage drop across each. The easiest way to solve the prob- 
lem is to rearrange the basic equation for capacitance, C= Q/E. 


E=Q/C 


And since you know that the charge (Q) on both capacitors is the same, 
this equation shows that the one with the smallest capacitance (C) 
must have the largest voltage (E) across it. This fact holds true when- 
ever capacitors are connected in series. The one with the smallest capaci 
tance always has the largest voltage across it. C,, then will drop twice 
as much voltage as Cj. ` ` 
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You learned that fluctuating dc has characteristics of both ac and 
dc. It consists of a component, the a-c component, which varies in 
amplitude but not direction, as well as another component, the d-c 
reference. The d-c reference is a value of de around which the a-c com- 
ponent varies. When a fluctuating d-c voltage is applied to a capacitor, 
the capacitor charges almost instantly to the value of the d-c reference. 
It then charges further and discharges according to the a-c component. 
The capacitor never fully discharges, since jt always maintains some 
charge as a result of the d-c reference. The maximum, voltage across 
the capacitor is equal to the value of the d-c reference plus the peak 
value of the a-c component. The minimum voltage is equal to the d-c 
reference minus the peak value of the a-c component. 


0 
0 J 
The capacitor first charges Then charges and discharges Thus, it produces 
to the d-c level about the d-c [evel with the circulating ac 


a-c voltage 


In effect, the capacitor charges to the d-c level and 
cancels it, so that only the a-c component is left to 
provide current flow 


When the a-c component is increasing, the capacitor is charging, and 
hen the a-6 compo- 


the current flows in the corresponding direction. W 
nent decreases, the capacitor discharges partially, and so the current 
reverses direction. Thus, although the applied voltage never changes 
direction, the circuit current does each time the capacitor starts to dis- 
charge. The circuit current, then, acts as if the applied voltage con- 
sisted only of the a-c component. In effect, the a-€ component is sep- 
arated from the d-c reference; an a-c current that varies around zero 
is produced. If a resistor were added in series with the capacitor, the a-c 
component would be dropped across it as voltage that varied around 


zero. Thus, the capacitor blocks the de, and passes the ac. 


ye 
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capacitance 
in fluctuating d-c circuits (cont. ) - 


Discharging DA 
C 


urrent 


= Charging 


A fluctuating d-c voltage source varies in ampli i 
. 4 plitude, but never reverses k rent 
through a capacitor connected to such a source, though, does change Mire d Eu 


Capacitor charges when the applied 
TNS voltage is increasing, and discharges~ 
eng Lem when voltage is decreasing. Current, 


5 D-C therefore, follows the a-c component 
1 C 


Reference 
Dischargin, 


Applied Voltage 


0 
/ 
* 4 
Current variations follow the a-c com- "m 
ponent, but are around zero instead of 5 
áround the d-c reference. In effect, 3 0 


then, the capacitor separates the a-c 
component 
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summary 


In an a-c circuit, the voltage across a capacitor constantly changes polarity. 
A-c current is passed by a capacitor because the capacitor alternately 
charges and discharges during every cycle of the applied ac. 


The capacitor voltage is often called the counter voltage, because it acts 
180 degrees out of phase with the applied voltage. The voltage across a 
capacitor lags the current through the capacitor by 90 degrees. Or, the cur- 
rent through a capacitor leads the applied voltage by 90 degrees. Current ` 
through a capacitor is directly proportional to the frequency of the applied 
voltage. 


The opposition offered to the flow of current by a capacitor in an a-c circuit 
is called capacitive reactance, and is abbreviated Xo. O Capacitive reactance 
can be found by the equation: Xe = 1/(271C). Xo is expressed in ohms. O 
Leakage current in a capacitor is due to the leakage resistance, which is caused 
by the dielectric not being a-perfect insulator. [ The total capacitance of 
1 . Ej The total 
1/C, 4- 1/C5 4- 1/C4 +... + etc. 
capacitance of capacitors in parallel is Cror = C; + C» + Cs +... + ete. O 
Capacitors in fluctuating d-c circuits block the dc while passing the ac. 


capacitors in series is Crop = 


review questions 


. How does a capacitor block dc? 

- What are the voltage and current relationships between the 
capacitor and applied voltages? Between the capacitor cur- 
rent and applied voltage? 

. What happens to the capacitor current if the frequency of 
the applied voltage is decreased? 

. What is the opposition to the flow of a-c current offered by a 
capacitor called? What are its units? 

. What is the equation for finding Xc? ! 

- What is meant by leakage current in a capaci 
causes it? 4 i 

. What is the tota] capacitance of three capacitors in series, 
whose values are 10. 10, and 5 microfarads? i 

. What is X,. for each capacitor in Question 7, and the tota 
capacitive reactance at 100 cps? 10 kc? 1 mc? 

. What is the total capacitance of three capacitor 
whose values are 10, 10, and 5 microfarads. 

. What is Xe for each capacitor in Question 9, an 
Capacitive reactance at 100 cps? 10 kc? 1 mc? 


tor, and what 


s in parallel, 


d the total 
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power factor 


In d-c circuits, or purely resistive a-c circuits, the power consumed 
is equal to the voltage times the current, or P — EI. In circuits contain- 
ing reactance, though, the relationship between voltage, current, and 
power consumed is not so simple. The reason for this is that much of 
the power drawn from the source by inductors and capacitors instead 
of being consumed, is stored temporarily, and then returned to the 

© source. The power is stored in the magnetic field of inductors and the 
electrostatic field of capacitors. If you were to measure the voltage and 
current in an inductive or capacitive circuit and then multiply them 
together. you would obtain the apparent power. This is the power sup- 
plied to the circuit by the source, but is not the power consumed by the 
circuit, which is the true power. To convert apparent power to true 
power, you-must multiply the apparent power by the cosine of the phase 
angle (8) between the.voltage and current in the circuit. Mathe- . 
matically, this is expressed as: 


True power (P) = El cos 9 


The value of cosine @ is called the power factor of the circuit. In à 
purely resistive circuit, the voltage and current are in phase, and so the 
phase angle between them is zero. Since the cosine of 9 is 1, the appar- 
ent power equals the true power in resistive circuits. In a purely induc- 
tive or capacitive circuit, the phase angle between the voltage and cur- 
rent is 90 degrees. The cosine of 90 degrees is zero, and so the true 
Power equals the apparent power times zero; the true power, then is 
zero. This means that no power is consumed in the circuit. All of the 
power drawn from the source is returned to it. 

Actually, 


all circuits contain some resistance. In reactive circuits, the 
effect of re. 


Sistance is to reduce the phase angle between the voltage 
and current. The cosine of the angle is no longer zero, and some of the 
power drawn from the load is consumed in the circuit resistance. The 
true power then depends on the relative amounts of resistance and Te- 
actance in the circuit. This is covered in detail with RL and RC circuits 
in Volume 4. 


In a purely resistive circuit, the power 
factor equals 1.0, and so the apparent 
power equals the true power 


O In a purely inductive or capacitive 
Circuit, the power factor equats 0, and 
S0 no power is consinned by the cifcu! 
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FIXED CAPACITOR 


—— 


This is the Symbol 
For A Fixed Capacitor 


types of capacitors 


A wide variety of capacitor types is used today. Essentially, they fall 
into either of two broad categories: fixed capacitors, or variable capaci- 
tors. Fixed capacitors have their capacitance value permanently set by 
their construction, ànd this value cannot be changed. The most common 
get their names from the dielectric materials used. Examples of these 
are paper capacitors, mica capacitors, and ceramic capacitors. The 
plates of these capacitors are usually made of metal foil. To keep their 
physical size to a minimum, techniques such as the use of a series of 
plates separated by, dielectric material, or the rolling of the plates and 
the dielectric material into a tubular shape, are used in the construc- 


ton of fixed capacitors. 


Typical Fixed Capacitors ' 
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VARIABLE CAPACITOR 


Rotor, 


—— 4 


Shaft These are the Symbols 
For a Variable Capacitor 


Stator _ 
Plates 


Variable capacitors are made so that their capacitance values can 
be continuously adjusted over a certain range. The most common type 
consists of two sets of interleaving metal plates. One set of these plates, 
the rotor plates, is mounted on a shaft, which when rotated, moves the 
plates in between the other set.of plates, the stator plates. Effectively, 
one set of plates acts as one of the capacitor plates, and the other set 
as the other plate, The more the two sets of plates are interleaved, the 
greater is the effective area of the capacitor plates, and so.the greater is 
the capacitance. Air Serves as the dielectric between the plates. Another 
variable capacitor consists of two metal plates whose separation can 
be varied by a screw adjustment. Generally, mica is used between the 
plates of this type of variable capacitor. 

Most capacitors are marked with a d.c working voltage (WVDC), 
the maximum d-c voltage that can safely be applied across the capaci- 


tor. If this voltage is exceeded, breakdown of the dielectric might result, 
and the capacitor would become useless. 


Typical Variable Capacitors 


CAPACITOR TYPES 3-137 


the electrolytic capacitor 


The capacitors previously described are generally limited to values 
less than 1 uf because of size and cost considerations. For larger values, 
special capacitors, called electrolytic capacitors, are used. Capacitances 
as large as several thousand microfarads can be obtained with electro- 
lytic capacitors at a reasonable size and cost. There are two basic types 
of construction used for electrolytic capacitors: the wet type and the 
dry type. The wet type is now practically obsolete, and so only the dry 
type will be described. ' 


Oxide Film 


Electrolyte 


Aluminum Foils 


Terminal Bushing 


Terminal Lug 


Electrolytic - Impregnated 
Paper Dielectric 


Metal Case 
Capacitor Roll 


Essentially, a dry-type electrolytic capacitor consists of two aluminum 
sheets separated by a layer of paper saturated with a liquid chemical 
called the electrolyte. All three sheets are rolled together and sealed in 
a container. When the capacitor is first made, a d-c voltage is applied 
between the two aluminum sheets. The resulting current causes a thin 
oxide layer to be formed on one aluminum sheet, and as a result, the 


capacitor is polarized. ` 
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the electrolytic capacitor (coni. ) 


The aluminum sheet with the oxide layer is positive, and serves as 
the positive capacitor plate. The oxide layer has insulating properties; 
and serves as the dielectric for the capacitor. The electrolyte is the 
negative capacitor plate, and the second aluminum sheet merely pro- 
vides a connection between the electrolyte and external circuits. 

Since the electrolytic capacitor is polarized, it can only be used in 
circuits containing fluctuating d-c voltages. Furthermore, the positive 
and negative terminals of electrolytic capacitors must be connected to 
circuit points of the same polarity (negative to negative, and positive 
to positive). The reason for this is that the electrolytic capacitor acts 
as a Capacitor in only one direction of applied voltage. In the other 

direction, the electrolytic capacitor conducts like a low-value resistor. 


Common A 


Positiye _ 

Negative. — Terminal 1 In the construction of electrolytic capa- 

Terminal P citors, it is common to place several 

- positive plates in a single container. . 
Then the electrolyte and a single nega- 
tive plate serve for all the positive 
plates. In this way, two or three capa- 
citors can be contained in a single unit 


Positive 


Terminal 3 Positive 


Terminal 2 


The.symbol for an electrolytic 
capacitor shows polarity 


As a matter of fact, if an electrolytic capacitor is connected backwards, 
it could "explode" because of the high current that would flow. Special 
electrolytic capacitors are available for use in a-c circuits. In these 
capacitors, two positive plates are used, thus permitting a reversal in 
polarity of the applied voltage. Essentially, this type is made of two 
.electrolytics connected back to back. 

Wet-type electrolytic capacitors are similar in construction to the dry 
type. The principal difference is that they use liquid electrolytes. The 
electrolytic capacitor has a much lower leakage resistance than the 
regular capacitors. | 


—————— t 
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All capacitors are marked in some way with their Capacitance value. 
In addition, other important characteristics, such as working voltage 
and tolerance, are sometimes indicated. Where practical, this informa- 
tion is printed on the capacitor. In many cases, though. this is im- 
practical, and a system of colored markings is used instead. The inter- 
pretation of these colored markings make up capacitor color coding 
systems. These are somewhat similar to the resistor color code system 
described in Volume 2. However, capacitor color codes are not too well 
standardized, so it. would be wise to get the códe from the specific 
manufacturers. | 


Five-Dot and Band Color Code System For Molded 
Tubular Paper and Mica Dielectric Capacitors 


NM Tubular 
| Paper 
Unitace Ra 


Voitage Raung 


Capacitance Value 2nd Digit 
Multiplier 


TAloranrè 
r'olerance — ———— M B 
» mec) ee —M F 
) um uum = 


Ist Digit Multiplier I 


Voltas 
/ DOitdgt 


Ni | : T ' 4n ix 
No Color J VIE , 
"w M ey a -" » -— -— = ame l > m 
- = p. T € " > 
|. um D Ow" 


Sometimes a six-color system is used. When it is, the third color 
represents the third digit, and the rest of the code is the same 


COLOR CODE SYSTEM 
Voltage 


Í Rating 
First Second 

Color Digit Digit Multiplier Tolerance (Volts) 
Black 0) 0 1 +20 Bee 
Brown 1 1 10 +1 350 
Red 2 2 100 +2 P TUR 
Orange 3 3 1000 3° E00 
Yellow 4 4 10,000 4 200 
Green 5 5 100,000 +5 SPD 
Blue 6 6 1,000,000 +6 EUG 
Violet 7 7 10,000,000 zd Ex 
Gray 8 8 100,000,000 +8 yee 
White 9 9 1,000,000,000 £9 
Gold ii = 0.1 "b 2000 
Silver — —— 0.01 +10 —- 


* No color for tolerance dot indicates tolerance of 2-2096. 
**» Multiply by 10 for tubular. paper capacitors. 
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Color Code System For Some Ceramic Capacitors 


A: Temperature 
Coefficient 


B: 1st Digit 

C: 2nd Digit 
D: Multiplier 
E: Tolerance 


capacitor color codes (cont.) 


The temperature coefficient band is wider than the other bands for 
identification. Sometimes this band is last. When it is, though, the rest 
of the code remains the same. Also, the tolerance band can be left off. 
If six bands are used, there is a third digit. No tolerance band means 
20%. 

The temperature coefficient indicates the change in temperature in 
parts per million that will take place for every degrée rise in the 
capacitors operating temperature above 20°C. A minus means that 
capacitance will decrease, while a plus means that it will increase. 
These capacitors are all rated at 500 WVDC, unless otherwise indicated. 


COLOR CODE SYSTEM 


Silver — 


4 3 Tolerance Tempera- 
First ^ Second Morethan Lessthan ture 
Color Digit Digit Multiplier 10 Pf (%) 10pf(pf) Coefficient 
k 0 [t] 1.0 ‘+20 £2, 0 
Brown 1 1 10 ESI = —30 
Red 2 2 100 . +2 = —80 
Orange 3 3 1000 ^ +3 — —150 
Yellow 4 4 10,000 +4 — —220 
Green 5 5 = 485 #05 —330 
Blue 6 6 — +6 = —470 
Violet 7 7 R BA We) E 
Gray 8 8 0.01 z8. +0.25 +30 
White 9 9 0,1 +10 +1 treo to 
M — 0.1 +5 = =} 
God E 0.01 +10 = -= 
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RC Circuits Contain 


Resistors Capacitors 


ee 


RC circuits 


Capacitors and capacitance have been described so far from the 
standpoint of their effects on circuits that contain no resistance. As you 
know, though, every circuit contains some resistance, even if it is only 
the resistance of the circuit wiring and the internal resistance of the 
source. When the circuit resistance is very low compared to the capact- 
tive reactance, the resistance can usually be ignored, as has been done 
in this volume. However, when the resistance becomes appreciable, it 
must be considered. 

Circuits that contain both resistance (R) and capacitance (C) are 
called RC circuits. The relationships between resistance and capacitance 
in RC circuits and their joint effect on circuit operation are co 
in Volume 4. 


vered 


No circuit contains only capacitance, 
since the power source has some in- 
ternal resistance as does the circuit 
C wiring. This resistance is usually 
represented as a resistor in series 
with the capacitance. |f the value of 
the resistance is significant, an RC 
circuit is formed. [n 
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summary 


0 The power factor of a circuit is the cosine of the phase angle (6) between 
the voltage and the current. It can vary between O and, 1, depending on the 
circuit. O The actual power consumed in a circuit is. called true power. O 
Apparent power is the power supplied to the circuit by the source. It is equal 
„to the voltage of the source times the current delivered by the source. O 
True power in a circuit can be found by multiplying apparent power by the 
power factor. 


© Capacitors can be either fixed or variable. C Some types of fixed capaci- 
tors are paper, mica, and ceramic. [] Variable capacitors include the rotating- 
plate type, with air as the dielectric; and the screw-adjustment type, with 


mica as the dielectric. [] The maximum d-c voltage a capacitor can safely 
withstand is abbreviated WVDC. 


O The electrolytic capacitor is polarized, and must be inserted in a circuit 
with the proper polarity. Special electrolytic capacitors, with high values of 
capacitance, are available for use in a-c circuits. O Capacitor color codes 
permit identification of important characteristics. These characteristics include 
capacitance value, tolerance, voltage rating, and temperature coefficient. 


review questions 


+ What is meant by the power factor of a circuit? 

. The apparent power in a circuit is 50 volt-amperes, and the ' 
true power is 40 watts. What is the power factor? 

- Why are paper, mica, and ceramic capacitors so called? Are 
these fixed or variable capacitors? a 

- What is meant by the abbreviation WVDC that is found on 
a capacitor? 

- What is an electrolytic capacitor? Can it ever be used in an 
a-c circuit? 

. How are capacitors identified? vibe 

. What is meant by rotor and stator plates? Do fixed capaci- 
‘tors have these? 


- Why are the polarities of electrolytic Capacitors important? 
Can these capacitors always be used for dc? For ac? 

. The power factor of a circuit is 0.5. What is the phase angle 
between the voltage and current? z 

. What is the power factor in a pure capacitive circuit? Resis- 
tive circuit? 


E Original American Price U.S. $ 11.15 


' electricity three applies general circuit principles to alter- 
nating current. Discussion of the basis, characteristics, and advan- 
tages of ac precedes a thorough examination of the a-c waveform 
and the characteristics and components of a-c circuits: The Teader 
gains a knowledg& of inductors, transformers, and capacitors; as 
Well as an understanding of the basic a-c circuits: resistive, induc- 
tive and capacitative. : 


electrictiy one-seven is a complete, modern E in the 
fundamentals of electricity. The step-by-step presentation Pro 
Vides all necessary theory and pertinent practical background irt 
Seven concise volumes. 


The series begins by defining, explaining, and describing the Heal 
tial theories of electricity, After this easy-to-grasp js ue 
Proceeds through an understanding of d-c and a-c circuits to the 


general principles and functions of test equipment, power sources, 
and motors. 


ji 
To insure comprehension, each page covers only one new concept 


or idea. Each idea is concisely explained and related to ae ea 
ideas. In addition, each page provides a reinforcement and rest i 
ment of the idea through a two-color illustration. Further review 


and reinforcement is supplied by a summary-and-questions page 
following each topical section. k 


Every. effort has been made to Organize the material into a logical 
learnin sequence appropriate for either self-study or classroom 
use, Tha: 'concept-unit" approach permits the series to function 
asa pened refresher text, as well as an introductory course: 


